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Abstract. The measurement of missing transverse momentum in the ATLAS detector, described in this paper, makes 
use of the full event reconstruction and a calibration based on reconstructed physics objects. The performance of the 
missing transverse momentum reconstruction is evaluated using data collected in pp collisions at a centre-of-mass en- 
ergy of 7 TeV in 2010. Minimum bias events and events with jets of hadrons are used from data samples corresponding 
to an integrated luminosity of about 0.3 nb^' and 600 nb^' respectively, together with events containing a Z boson 
decaying to two leptons (electrons or muons) or a IV boson decaying to a lepton (electron or muon) and a neutrino, from 
a data sample corresponding to an integrated luminosity of about 36 pb^'. An estimate of the systematic uncertainty 
on the missing transverse momentum scale is presented. 
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1 Introduction 

In a collider event the missing transverse momentum is defined 
as the momentum imbalance in the plane transverse to the beam 
axis, where momentum conservation is expected. Such an im- 
balance may signal the presence of unseen particles, such as 
neutrinos or stable, weakly-interacting supersymmetric (SUSY) 
particles. The vector momentum imbalance in the transverse 
plane is obtained from the negative vector sum of the momenta 
of all particles detected in a pp collison and is denoted as miss- 
ing transverse momentum, £'™'^^ The symbol /i™^^ is used for 
its magnitude. 

A precise measurement of the missing transverse momen- 
is essential for physics at the LHC. A large /i™**** is 
a key signature for searches for new physics processes such as 
SUSY and extra dimensions. The measurement of E™'**** also 
has a direct impact on the quality of a number of measurements 
of Standard Model (SM) physics, such as the reconstruction of 
the top-quark mass in tt events. Furthermore, it is crucial in the 
search for the Higgs boson in the decay channels H — > WW 
and H tt, where a good E™^^ measurement improves the 
reconstruction of the Higgs boson mass JTl. 

This paper describes an optimized reconstruction and cali- 
bration of E!^''' developed by the ATLAS Collaboration. The 
performance achieved represents a significant improvement 
compared to earlier results |2| presented by ATLAS. The opti- 
mal reconstruction of E™^^ in the ATLAS detector is complex 
and validation with data, in terms of resolution, scale and tails, 
is essential. A number of data samples encompassing a variety 
of event topologies are used. Specifically, the event samples 
used to assess the quality of the E™^'^ reconstruction are: min- 



imum bias events, events where jets at high transverse momen- 
tum are produced via strong interactions described by Quan- 
tum Chromodynamics (QCD) and events with leptonically de- 
caying W and Z bosons. This allows the full exploitation of 
the detector capability in the reconstruction and calibration of 
different physics objects and optimization of the E™'**** calcu- 
lation. Moreover, in events with W — > , where £ is an elec- 
tron or muon, the E™^^ performance can be studied in events 
where genuine E^^^^ is present due to the neutrino, thus al- 
lowing a validation of the £'™'^'^ scale. In simulated events, the 

genuine £'™'**\ E^^'^'^'^™'', is calculated from all generated non- 
interacting particles in the event and it is also refeiTed to as true 
E™^^ in the following. 

An important requirement on the measurement of Ej''^^ is 
the minimization of the impact of limited detector coverage, 
finite detector resolution, the presence of dead regions and dif- 
ferent sources of noise that can produce fake E'™'**^ The AT- 
LAS calorimeter coverage extends to large pseudorapidities Q 
to minimize the impact of high energy particles escaping in the 
very forward direction. Even so, there are inactive transition 
regions between different calorimeters that produce fake /i™'^^ 
Dead and noisy readout channels in the detector, if present, as 



' ATLAS uses a right-handed coordinate system with its origin at 
the nominal interaction point (IP) in the centre of the detector and the 
z-axis coinciding with the axis of the beam pipe. The x-axis points 
from the IP to the centre of the LHC ring, and the y axis points up- 
ward. Cylindrical coordinates (r, <j)) are used in the transverse plane, (j> 
being the azimuthal angle around the beam pipe. The pseudorapidity 
is defined in terms of the polar angle 6 as rj — — lntan(0/2). 
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well as cosmic -ray and beam-halo muons crossing the detec- 
tor, will produce fake £'™''*^ Such sources can significantly en- 
hance the background from multi-jet events in SUSY searches 
with large E^^^^ or the background from Z ^ U events ac- 
companied by jets of high transverse momentum (pi) in Higgs 
boson searches in final states with two leptons and /i™^^ Cuts 
are applied to clean the data against all these sources (see Sec- 
tionO, and more severe cuts to suppress fake Zi™^"* are applied 
in analyses for SUSY searches, after which, for selected events 
with high-/9T jets, the tails of the E™"*"* distributions are well 
described by MC simulation |3|. 

This paper is organised as follows. Section |2] gives a brief 
introduction to the ATLAS detector. Section [3] and Section |4] 
describe the data and Monte Carlo samples used and the event 
selections applied. Section|5]outlines how E™^^^ is reconstructed 
and calibrated. Section |6] presents the E™^^ performance for 
data and Monte Carlo simulation, first in minimum bias and jet 
events and then in Z and W events. The systematic uncertainty 
on the ii™^^ absolute scale is discussed in Section I?] Section 
[8] describes the determination of the fi™^^ scale in-situ using 
W ^ Iv events. Finally, the conclusions are given in Section|9l 

2 The ATLAS Detector 

The ATLAS detector [fTl is a multipurpose particle physics ap- 
paratus with a forward-backward symmetric cylindrical geom- 
etry and near \% coverage in solid angle. The inner tracking 
detector (ID) covers the pseudorapidity range |t]| < 2.5, and 
consists of a silicon pixel detector, a silicon microstrip detector 
(SCT), and, for |tj| < 2.0, a transition radiation tracker (TRT). 
The ID is surrounded by a thin superconducting solenoid pro- 
viding a 2 T magnetic field. A high-granularity lead/liquid- 
argon (LAr) sampling electromagnetic calorimeter covers the 
region \ v{\< 3.2. An iron/scintillator-tile calorimeter provides 
hadronic coverage in the range |t7| < 1.7. LAr technology is 
also used for the hadronic calorimeters in the end-cap region 
1.5 < 1 7] I < 3.2 and for both electromagnetic and hadronic 
measurements in the forward region up to | Tj | < 4.9. The muon 
spectrometer surrounds the calorimeters. It consists of three 
large air-core superconducting toroid systems, precision track- 
ing chambers providing accurate muon tracking out to | T] | = 2.7, 
and additional detectors for triggering in the region \ v\\< 2.4. 

3 Data samples and event selection 

During 2010 a large number of proton-proton collisions, at a 
centre-of-mass energy of 7 TeV, were recorded with stable pro- 
ton beams as well as nominal magnetic field conditions. Only 
data with a fully functioning calorimeter, inner detector and 
muon spectrometer are analysed. 

Cuts are applied to clean the data sample against instru- 
mental noise and out-of-time energy deposits in the calorime- 
ter (from cosmic -rays or beam-induced background). Topolog- 
ical clusters reconstructed in the calorimeters (see Section ISTt 
at the electromagnetic energy (EM) scal^ are used as the in- 
puts to the jet finder |4|. In this paper the anti-fc, algorithm 

^ The EM scale is the basic calorimeter signal scale for the AT- 
LAS calorimeters. It provides the correct scale for energy deposited 



||5|, with distance parameter R = 0.6, is used for jet recon- 
struction. The reconstructed jets are required to pass basic jet- 
quality selection criteria. In particular events are rejected if 
any jet in the event with transverse momentum pj>2Q GeV is 
caused by sporadic noise bursts in the end-cap region, coherent 
noise in the electromagnetic calorimeter or reconstructed from 
large out-of-time energy deposits in the calorimeter These cuts 
largely suppress the residual sources of fake E™"*** due to those 
instrumental effects which remain after the data-quality require- 
ments. 

The 2010 data sets used in this paper correspond to a to- 
tal integrated luminosity |6,7| of approximately 600 nb^' for 
jet events and to 0.3 nb^' for minimum bias events. Trigger 
and selection criteria for these events are described in Section 
13.11 For the Z — > £^ and W — > f V channels, the samples anal- 
ysed correspond to an integrated luminosity of approximately 
36 pb^'. Trigger and selection criteria, similar to those devel- 
oped for the W/Z cross-section measurement fSl, are applied. 
These criteria are described in Sections [3.2l and [33] 

3.1 Minimum bias and di-jet event selection 

For the minimum bias events, only the early period of data tak- 
ing, with a minimal pile-up contribution, is studied. Selected 
minimum bias events were triggered by the minimum bias trig- 
ger scintillators (MBTS), mounted at each end of the detector 
in front of the LAr end-cap calorimeter cryostats (9\. 

Events in the QCD jet sample are required to have passed 
the first-level calorimeter trigger, which indicates a significant 
energy deposit in a certain region of the calorimeter, with the 
most inclusive trigger with a nominal pj threshold at 15 GeV. 
The event sample used in this analysis consists of two subsets 
of 300 nb^' each, corresponding to two periods with differ- 
ent pile-up and trigger condition^ . One subset corresponds to 
the periods with lower pile-up conditions with, on average, I 
to 1 .6 reconstructed vertices per event. The other subset corre- 
sponds to the periods with higher pileup conditions, where the 
peak number of visible inelastic interactions per bunch crossing 
goes up to 3. In the following, di-jet events are used, selected 
requiring the presence of exactly two jets with pj > 25 GeV 
and \rj \ < 4.5. Jets are calibrated with the local hadronic cali- 
bration (see Section ISTTT l. 

For each event, at least one good primary vertex is required 
with a z displacement from the nominal pp interaction point 
less than 200 mm and with at least five associated tracks. Af- 
ter selection, the samples used in the analysis presented here 
correspond to 14 million minimum bias events and 13 milUon 
di-jet events. 

3.2 Z ^££ event selection 

Candidate Z — > ^£ events, where £ is an electron or a muon, are 
required to pass an e/y or muon trigger with a pj threshold be- 
tween 10 and 15 GeV, where the exact trigger selection varies 

by electromagnetic showers. It does not correct for the lower energy 
hadron shower response nor for energy losses in the dead material. 

^ Pile-up in the following refers to the contribution of additional pp 
collisions superimposed on the hard physics process. 
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depending on the data period analysed. For each event, at least 
one good primary vertex, as defined above, is required. 

The selection of Z — > pLpL events requires the presence of 
exactly two good muons. A good muon is defined to be a muon 
reconstructed in the muon spectrometer with a matched track 
in the inner detector with transverse momentum above 20 GeV 
and \r\ \ < 2.5 |10|. Additional requirements on the number of 
hits used to reconstruct the track in the inner detector are ap- 
pUed. The z displacement of the muon track from the primary 
vertex is required to be less than 10 mm. Isolation cuts are ap- 
plied around the muon track. 

The selection of Z — > ee events requires the presence of 
exactly two identified electrons with |t7| < 2.47, which pass 
the "medium" identification criteria llsl ll II and have transverse 
momenta above 20 GeV. Electron candidates in the electromag- 
netic calorimeter transition region, 1.37 < |t7| < 1.52, are not 
considered for this study. Additional cuts are applied to remove 
electrons falling into regions where the readout of the calorime- 
ter was not fully operational. 

In both the Z ee and the Z selections, the two lep- 

tons are required to have opposite charge and the reconstructed 
invariant mass of the di-lepton system, m((, is required to be 
consistent with the Z mass, 66 < m(( < 1 16 GeV. 

With these selection criteria, about 9000Z — > ee and 13000 
Z ^ Hjj. events are selected. The estimated background con- 
tribution to these samples is less than 2% in both channels [8J. 



pile-up conditions. In the earlier sample the fraction of events 
with at least two observed interactions is at most of the order 
of 8 - 10 %, while in the sample taken later in 2010 this frac- 
tion ranges from 10 % to more than 50 %. These samples are 
generated in the pj range 8 - 560 GeV, in separated parton 
Pj bins to provide a larger statistics also in the high-px bins. 
Each sample is weighted according to its cross-section. 

MC events for the study of SM backgrounds inZ ^ ££ and 
W ^ £v analyses are also generated using PYTHIA6. The only 
exceptions are the tt background and the W ev samples 
used in Section l8T2l which are generated with the MC@NLO 
program lITSl . For the study of the total transverse energy of the 
events, samples produced with PYTHIA8 [16] are used as well. 

MC samples were produced with different levels of pile-up 
in order to reflect the conditions in different data-taking peri- 
ods. In particular, two event samples were used for jets: one 
was simulated with a pile-up model where only pile-up colU- 
sions originating from the primary bunch crossing are consid- 
ered (in-time pile-up) and a second one was simulated with a 
realistic configuration of the LHC bunch group structure, where 
pile-up collisions from successive bunch crossings are also in- 
cluded in the simulation. In the case of events containing Z 
££ or W £v, MC samples with in-time pile-up configuration 
are used, because these data correspond to periods where the 
contribution of out-of-time pileup is small. 

The trigger and event selection criteria used for the data are 
also applied to the MC simulation. 



3.3 W ->£v event selection 

Lepton candidates are selected with lepton identification crite- 
ria similar to those used for the Z analysis. The differences for 
the selection of W ^ eV events are that the "tight" electron 
identification criteria fTTWI are used and an isolation cut is ap- 
plied on the electron cluster in the calorimeter to reduce con- 
tamination from QCD jet background. The event is rejected if 
it contains more than one reconstructed lepton. The E™^^, cal- 
culated as described in Section|5] is required to be greater than 
25 GeV, and the reconstructed lepton-E™"*** transverse mass, 
niT, is required to be greater than 50 GeV. 

With these selection criteria, about 8.5 x 10'* W ^ ev and 
1.05x 10^ W — > events are selected. The background con- 
tribution to these samples is estimated to be about 5% in both 
channels lH]. 



4 Monte Carlo simulation samples 

Monte Carlo (MC) events are generated using the PYTHIA6 
program 1 12] with the ATLAS minimum bias tune (AMBTl) of 
the Pythia fragmentation and hadronisation parameters |13|. 
The generated events are processed with the detailed Geant4 
lfT4l simulation of the ATLAS detector. 

The minimum bias MC event samples are generated using 
non-diffractive as well as single- and double-diffractive pro- 
cesses, where the different components are weighted according 
to the cross-sections given by the event generators. 

The jet MC samples, generated using a 2-to-2 QCD matrix 
element and subsequent parton shower development, are used 
for comparison with the two subsets of data taken with different 



5 Ej'^^ reconstruction and calibration 

The E™'**** reconstruction includes contributions from energy 
deposits in the calorimeters and muons reconstructed in the 
muon spectrometer The two Ej^^^ components are calculated 
as: 



E-miss _ E- 



miss.calo 



(1) 



Low-px tracks are used to recover low pi particles which 
are missed in the calorimeters (see Section |5. 3. lb . and muons 
reconstructed from the inner detector are used to recover muons 
in regions not covered by the muon spectrometer (see Section 
I5.2l l. The two terms in the above equation are refeiTed to as 
the calorimeter and muon terms, and will be described in more 
detail in the following sections. The values of E^^^^ and its 
azimuthal coordinate (^'™^^) are then calculated as: 



E^''' = ^ [Ef^'-f + {Ef^^f 
:arctan(£™^^£7^^ 



(2) 



5.1 Calculation of the E™'' calorimeter term 

In this paper, the E^^^^ reconstruction uses calorimeter cells 
calibrated according to the reconstructed physics object to which 
they are associated. Calorimeter cells are associated with a re- 
constructed and identified high-px parent object in a chosen 
order: electrons, photons, hadronically decaying T-leptons, jets 
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and muons. Cells not associated with any such objects are also 
taken into account in the E™^^ calculation. Their contribution, 



named £ 



miss,CellOut 



hereafter, is important for the E™^^ resolu- 



tion IflTl. 

Once the cells are associated with objects as described above, 
the E™^^ calorimeter term is calculated as follows (note that the 



^miss.calo,^ 



term is not always added, as explained in Section 



15.21 and for that reason it is written between parentheses): 



[^miss.calo 



-'^x(y) +^4)')' 
. pmiss.softjets , /p.miss,calo,/i\ , 



, r-.miss.iets 
.y{v) 
r-.miss,CellOut 



(3) 



where each term is calculated from the negative sum of cali- 
brated cell energies inside the corresponding objects, as: 

^miss.term ^ _ Ei sin 0, COS ^, , 



^ sin 0, sin 

7=1 



(4) 



where 0, and 0, are the energy, the polar angle and the az- 
imuthal angle, respectively. The summations are over all cells 
associated with specified objects in the pseudorapidity range 
|Tj|<4.5. 

Because of the high granularity of the calorimeter, it is 
crucial to suppress noise contributions and to limit the cells 
used in the E™^^ sum to those containing a significant sig- 
nal. This is achieved by using only cells belonging to three- 
dimensional topological clusters, referred as topoclusters here- 
after lITSl . with the exception of electrons and photons for which 
a different clustering algorithm is used fTll. The topoclusters 
are seeded by cells with deposited energy^ \Ei\ > 4(7noise, and 
are built by iteratively adding neighbouring cells with \Ei\ > 
2cJnoise and, finally, by adding all neighbours of the accumu- 
lated cells. 

The various terms in Equation [3] are described in the fol- 
lowing: 



^miss.y remiss, T . 4. i r n ■ 1 

i f , E , ^ are reconstructed from cells in clus- 



ters associated to electrons, photons and T-jets fromhadron- 
ically decaying T-leptons, respectively; 

^miss.jcts reconstructed from cells in clusters associated 

4y) 

to jets with calibrated pj > 20 GeV; 

^miss.softjets j reconstructed from cells in clusters associ- 

4y) 

ated to jets with 7 GeV < pj < 20 GeV; 



^miss,calo,/i 



^1^^,^ is the contribution to E™^^ originating from the 
energy lost by muons in the calorimeter (see Section l7!2] ); 



theE 



miss,CellOut 



term is calculated from the cells in topoclus- 
ters which are not included in the reconstructed objects. 
All these terms are calibrated independently as described 
in Section 15.31 The final is calculated from Equation [T| 

adding the E^^T''^ term, described in Section[ 



This T] cut is chosen because the MC simulation does not describe 
data well in the very forward region. 

^ CTnoise is the Gaussian width of the EM cell energy distribution 
measured in randomly triggered events far from collision bunches. 



5.2 Calculation of the E™'' muon term 

The E™^^ muon term is calculated from the momenta of muon 
tracks reconstructed with |t7| < 2.7: 



My) 



1/ 



4y) 



(5) 



where the summation is over selected muons. In the region 
I?]! < 2.5, only well-reconstructed muons in the muon spec- 
trometer with a matched track in the inner detector are con- 
sidered (combined muons). The matching requirement consid- 
erably reduces contributions from fake muons (reconstructed 
muons not corresponding to true muons). These fake muons 
can sometimes be created from high hit multiplicities in the 
muon spectrometer in events where some particles from very 
energetic jets punch through the calorimeter into the muon sys- 
tem. 

In order to deal appropriately with the energy deposited by 
the muon in the calorimeters, J7'^^^^■'^'^^°'^^ jjjg muon term is cal- 
culated differently for isolated and non-isolated muons, with 
no n-isolated muon s defined as those within a distance AR = 
^/{Arfy^+{A^)Y < 0.3 of a reconstructed jet in the event: 

• The pj of an isolated muon is determined from the com- 
bined measurement of the inner detector and muon spec- 
trometer, taking into account the energy deposited in the 
calorimeters. In this case the energy lost by the muon in 

the calorimeters (£■""^^ '^21° ^-) jg j^^j added to the calorime- 

^ Ay) 

ter term (Equation |3]l to avoid double counting of energy. 

• For a non-isolated muon, the energy deposited in the calori- 
meter cannot be resolved from the calorimetric energy de- 
positions of the particles in the jet. The muon spectrometer 
measurement of the muon momentum after energy loss in 
the calorimeter is therefore used, so the j-gj-^ 
added to the calorimeter term (Equation [3]l. Only in cases 
in which there is a significant mis-match between the spec- 
trometer and the combined measurement, the combined mea- 
surement is used and a parameterized estimation of the muon 
energy loss in the calorimeter flU\ is subtracted. 

For higher values of pseudorapidity (2.5 < [tjI < 2.7), outside 
the fiducial volume of the inner detector, there is no matched 
track requirement and the muon spectrometer pj alone is used 
for both isolated and non-isolated muons. 

Aside from the loss of muons outside the acceptance of 
the muon spectrometer (| J] | > 2.7), muons can be lost in other 
small inactive regions (around [tjI = and [tjI ^ 1.2) of the 
muon spectrometer. The muons which are reconstructed by seg- 
ments matched to inner detector tracks extrapolated to the muon 
spectrometer are used to recover their contributions to E™^^ in 
the 1 7] I 1.2 regions [T0|. 

Although the core of the E™^^ resolution is not much af- 
fected by the muon term, any muons which are not reconstruc- 
ted, badly measured, or fake, can be a source of fake /i™"*^. 



5.3 Calibration of 

The calibration of E™^^ is performed using the scheme de- 
scribed below, where the cells are calibrated separately accord- 
ing to their parent object: 
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• The Ery 



term is calculated from reconstructed electrons 



passing the "medium" electron identification requirements, 
with Pi > 10 GeV and calibrated with the default electron 
calibration |8|. 

• The E™'^^'^ term is calculated from photons reconstructed 
with the "tight" photon identification requirements [111, 
with pj > 10 GeV at the EM scale. Due to the low pho- 
ton purity, the default photon calibration is not applied. 

• The Ej^^^'^ term is calculated from T-jets reconstructed with 
the "tight" T-identification requirements 1191 . with pj > 10 
GeV, calibrated with the local hadronic calibration (LCW) 
scheme ll20l . The LCW scheme uses properties of clusters 
to calibrate them individually. It first classifies calorimeter 
clusters as electromagnetic or hadronic, according to the 
cluster topology, and then weights each calorimeter cell in 
clusters according to the cluster energy and the cell energy 
density. Additional corrections are applied to the cluster en- 
ergy for the average energy deposited in the non-active ma- 
terial before and between the calorimeters and for unclus- 
tered calorimeter energy. 



• The E. 



miss,softjets 



term is calculated from jets (reconstructed 



using the anti-kt algorithm with R=0.6) with 7 < /?t < 20 
GeV calibrated with the LCW calibration. 

• The i^™^^^'}'^'^ term is calculated from jets with pj > 20 
GeV calibrated with the LCW calibration and the jet energy 
scale (JES) factor 121] applied. The JES factor corrects the 
energy of jets, either at the EM-scale or after cluster cali- 
bration, back to particle level. The JES is derived as a func- 
tion of reconstructed jet rj and pj using the generator-level 
information in MC simulation. 

• The ^•^"^'^'CeiiOut calculated from topoclusters out- 
side reconstructed objects with the LCW calibration and 
from reconstructed tracks as described in Section l5.3.1l 

Note that object classification criteria and calibration can be 
chosen according to specific analysis criteria, if needed. 



5.3.1 Calculation of the £™^^-Ceiiout ^^^^ ^-^^ ^ 
track-cluster matching algorithm 

In events with W and Z boson production, the calibration of 
the term is of particular importance because, due 

to the low particle multiplicity in these events, this Ej'^^ con- 
tribution balances the W/Z boson pj to a large extent 1 17|. An 
energy-flow algorithm is used to improve the calculation of the 
low-pT contribution to Ej'^^ ^^miss,CeiiOut^ Tracks are added 
to recover the contribution from low-pj particles which do 
not reach the calorimeter or do not seed a topocluster. Further- 
more the track momentum is used instead of the topocluster 
energy for tracks associated to topoclusters, thus exploiting the 
better calibration and resolution of tracks at low momentum 
compared to topoclusters. 

Reconstructed tracks with pj > 400 MeV, passing track 
quality selection criteria such as the number of hits and of 
the track fit, are used for the calculation of the Ej^'^'^' ^ " term. 
All selected tracks are extrapolated to the second layer of the 
electromagnetic calorimeter and very loose criteria are used for 
association to reconstructed objects or topoclusters, to avoid 



double counting. If a track is neither associated to a topocluster 
nor a reconstructed object, its transverse momentum is added 
to the calculation of jjj tjjg c^ge where the track is 

associated to a topocluster, its transverse momentum is used for 
the calculation of the ^jj^j ^jje topocluster energy is 

discarded, assuming that the topocluster energy corresponds to 
the charged particle giving the track. It has to be noticed that 
there is a strong correlation between the number of particles 
and topoclusters, so, in general no neutral energy is lost replac- 
ing the topocluster by a track, and the neutral topoclusters are 
kept in most of the cases. If more than one topocluster is asso- 
ciated to a track, only the topocluster with the largest energy is 
excluded from the E™^^ calculation, assuming that this energy 
corresponds to the track. 



6 Study of E^'' performance 



In this section the distributions of Z?™^^ in minimum bias, di- 
jet, Z ^ i£ and W ^ £v events from data are compared with 
the expected distributions from the MC samples. The perfor- 
mance of Ej^'^'^ in terms of resolution and scale is also derived. 

Minimum bias, di-jet events and Z ^ II events are used 
to investigate the E™^^ performance without relying on MC 
detector simulation. In general, apart from a small contribu- 
tion from the semi-leptonic decay of heavy-flavour hadrons in 
jets, no genuine /s™"*"* is expected in these events. Thus most 
of the E™^^ reconstructed in these events is a direct result of 
imperfections in the reconstruction process or in the detector 
response. 



6.1 E!^"' performance in minimum bias and di-jet 
events 



The distributions of E™'' , , and 0™'' for data 

and MC simulation are shown in Figure [T] for minimum bias 
events. The distributions are shown only for events with to- 
tal transverse energy (see definition at the end of this section) 
greater than 20 GeV in order to reduce the contamination of 
fake triggers from the MBTS. Figure |2] shows the distributions 
of the same variables for the di-jet sample. The di-jet sample 
corresponding to the periods with higher pileup conditions (see 
Section 13. Il l is used. The MC simulation expectations are su- 
perimposed, normalized to the number of events in the data. 

In di-jet events a reasonable agreement is found between 
data and simulation for all basic quantities, while there is some 
disagreement in minimum bias events, attributed to imperfect 
modelling of soft particle activity in the MC simulation. The 
better agreement between data and MC simulation in the 0™**** 
distribution for the di-jet sample can be partly explained by the 
fact that the E'i^^^^ is not coiTected for the primary vertex po- 
sition; the primary vertex position in data is better reproduced 
by the MC simulation for the di-jet sample than in the case of 
the minimum bias sample. 

Events in the tails of the fi™^^ distributions have been care- 
fully checked, in order to understand the origin of the large 
measured Ej^^^. The tails are not completely well described by 
MC simulation, but, both in data and in MC simulation they are 
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in general due to mis-measured jets. In minimum bias events 
there are more events in the tail in MC simulation and this can 
be due to the fact that the MC statistics is larger than in data. In 
di-jet events, there are more events in the tail in data. More MC 
events would be desirable. In di-jet events there are 19 events 
with E"'^' > 1 10 GeV in the data. The majority of them (13 
events) are due to mis-measured jets, where in most of the cases 
at least one jet points to a transition region between calorime- 
ters. Two events are due to a combination of mis-measured jets 
with an overlapping muon, and one event is due to a fake high- 
pi muon. Finally two events look like good bb candidates, 
and one event has one reconstructed jet and no activity in the 
other hemisphere. 

The events with fake E™^^^ due to mis-measured jets and 
jets containing leptonic decays of heavy hadrons can be re- 
jected by a cut based on the azimuthal angle between the jet 
and£'™'*\ Zi0(jet,£'™^'*). Since the requirement of event clean- 
ing depends on the physics analysis, the minimal cleaning cut 
is applied and careful evaluation of tail events is performed 
in this paper Analyses that rely on a careful understanding 
and reduction of the tails of the E™^^ distribution (e.g. SUSY 
searches such as Ref. |l3l) have performed more detailed stud- 
ies to characterize the residual tail in events containing high- 

jets. These analyses use tighter jet cleaning cuts, track-jet 
matching, and angular cuts on ^^(jet,^™^^) to further reduce 
the fake E™^^ tail. In Ref. ||3] a fully data-driven method (de- 
scribed in detail in Ref. ifTTl ) was then employed to determine 
the residual fake E^^^^ background. 

The contributions from jets, soft jets and topoclusters not 
associated to the reconstructed objects and muons are shown in 
Figure |3]for the di-jet events. The data-MC agreement is good 
for all of the terms contributing to £'™'*\ The tails observed in 
the muon term are mainly due to reconstructed fake muons and 
to one cosmic-ray muon, which can be rejected by applying a 
tighter selection for the muons used in the E™'^^ reconstruction, 
based on criteria for the combination, isolation criteria and 
requirements on the number of hits in muon chambers used for 
the muon reconstruction. 

In the following some distributions are shown for the total 
transverse energy, Y.Et, which is an important quantity to pa- 
rameterise and understand the £'™^'' performance. It is defined 
as: 

= E^'Sinft- (6) 

1=1 

where £, and 0, are the energy and the polar angle, respectively, 
of calorimeter cells associated to topoclusters within \ t]\< 4.5. 
Cell energies are calibrated according to the scheme described 
inSectionOforESf''*' . 

The data distributions of Y.Et for minimum bias and di-jet 
events from the subset corresponding to lower pileup condi- 
tions (see Section [TT]) are compared to MC predictions from 
two versions of Pythia in Figure |4l The left-hand distribu- 
tions show comparisons with the ATLAS tune of PYTHIA6. 
The right-hand distributions show the comparisons with the de- 
fault tune of PythiaS. Due to the limited number of events 
simulated, the distribution for the di-jet PythiaS MC sample 
is not smooth, and is zero in the lowest Y^Ej bin populated by 
data. This is not understood, also if it can be partly explained 



by the fact that the low Y^Ej region is populated by events from 
the jet MC sample generated in the lowest parton pi bin (17- 
35 GeV), which is the most suppressed by the di-jet selection 
(a factor about 20 more than other samples) and has a large 
weight, due to cross-section. Moreover the PythiaS jet MC 
sample in the 8-17 GeV parton pj bin is not available. In the 
case of the minimum bias sample, due to the very limited num- 
ber of events simulated (about a factor 25 less respect to data), 
the tails in the PythiaS MC distribution are strongly depleted. 

The PythiaS MC |161 version used in this paper has not 
yet been tuned to the ATLAS data. The current tune |22| uses 
the CTEQ 6.1 parton distribution functions (PDF) instead of 
the MRST LO** as used in PYTHIA6, and its diffraction model 
differs, including higher-Q^ diffractive processes. The compar- 
ison of the mean values and the shapes of the two different MC 
distributions with data seems to indicate that a better agreement 
is obtained with the PythiaS but, due to the reduced PythiaS 
MC statistics, no firm conclusion can be drawn. In the rest of 
the paper, the PYTHIA6 MC samples with the ATLAS tune are 
used for comparison with data; this version is used as the base- 
Hne for Pythia MC samples for 2010 data analyses. 



6.2 £!f''' performance \nZ events 

The absence of genuine E^^^^ inZ ^ ££ events, coupled with 
the clean event signature and the relatively large cross-section, 
means that it is a good channel to study E™^^ performance. 

The distributions of Zi™"*^ and 0™^^ for data and MC sim- 
ulation are shown in Figure|5]for Z —> ee andZ— events. 
The contributions due to muons are shown for Z — > /x/X events 
in Figure |6l Both the contributions from energy deposited in 
calorimeter cells associated to muons, taken at the EM scale, 
and the contributions from reconstructed muons are shown. For 
Z ^ ee events, the contributions from electrons, jets, soft jets 
and topoclusters outside the reconstructed objects are shown 
separately in Figure |7] The peak at zero in the distribution 
of the jet term corresponds to events where there are no jets 
with Pj above 20 GeV, and the small values (< 20 GeV) in 
the distribution are due to events with two jets whose trans- 
verse momenta balance. The MC simulation expectations, from 
Z—i'U events and from the dominant SM backgrounds, are su- 
perimposed. Each MC sample is weighted with its correspond- 
ing cross-section and then the total MC expectation is normal- 
ized to the number of events in data. Reasonable agreement be- 
tween data and MC simulation is observed in all distributions. 

Events in the tails of the Z?™'^^ distributions in Figure|5]have 
been carefully checked. The 22 events with the highest E™^^ 
values, above 60 GeV, have been examined in detail to check 
whether they are related to cosmic-ray muon background, fake 
muons, badly measured jets or jets pointing to dead calorime- 
ter regions. The events in the tails are found to be compatible 
with either signal candidates, including ff, WW and WZ di- 
boson events, all involving real Ej^^^, or events in which the 
E™^^ vector is close to a jet in the transverse plane. The lat- 
ter category of events can arise from mis-measured jets, and be 
rejected at the analysis level with cuts on A(p(jet, E™^^) (see 
Section lOT i. 
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Fig. 1. Distribution of E^^'^^ (top left), E^^'^'^ (top right), Ej^'^^ (bottom left), (^'™^'* (bottom right) as measured in a data sample of minimum 
bias events. The expectation from MC simulation, normalized to the number of events in data, is superimposed. 



6.2.1 Measuring £!f"'' 



response U events 



From the event topology fTTl in events with Z — > £^ decay one 
can define an axis in the transverse plane such that the compo- 
nent of E™^^ along this axis is sensitive to detector resolution 
and biases. The direction of this axis, Az, is defined by the 
reconstructed momenta of the leptons: 



Az = ( Pt + Pt )I\Pt +Pt 



(7) 



where pj^ are the vector transverse momenta of the lepton and 
anti-lepton. The direction of Az thus reconstructs the direction 
of motion of the Z boson. The perpendicular axis in the trans- 
verse plane, A^z, is a unit vector placed at right angles to Az, 
with positive direction anticlockwise from the direction of the 
Z boson. 

The mean value of the projection of E™^^ onto the lon- 
gitudinal axis, {E'^'^^ - Az), is a measure of the Ej'^^ scale, 
as this axis is sensitive to the balance between the leptons and 
the hadronic recoil. Figure [8] shows the value of {E™^^ - Az) as 
a function of pj. These mean values are used as a diagnostic 
to validate the E'^^^^ reconstruction algorithms. If the leptons 
perfectly balanced the hadronic recoil, regardless of the net mo- 
mentum of the lepton system, then the E™^^ Az would be zero, 
independent of pj. Instead, (E™**** Az) displays a small bias in 



both the electron and muon channels which is reasonably re- 
produced by the MC simulation. The observed bias is slightly 
negative for low values of pj, suggesting either that the pj of 
the lepton system is overestimated or that the magnitude of the 
hadronic recoil is underestimated. The same sign and magni- 
tude of bias is seen in both electron and muon channels, sug- 
gesting that the hadronic recoil, here dominated by /t'™^^ *^'^'!^"' 
and by soft jets, is the source of bias. The component of the 
S™"*"* along the perpendicular axis, Ej'^^ Aaz. displays no 
bias, and, indeed there is no mechanism for generating such a 
bias. 



In Figure |9] the dependences of (E™**** - Az) on pj are 
shown separately for events with Z ^ (l produced in associ- 
ation with zero jets or with at least one jet, with the jet defini- 
tion as described in Section 13 . 1 1 The figure demonstrates that 
there is a negative bias in {E™^^ - Az) for events with zero jets, 
which increases with p| up to 6 GeV. A similar bias is ob- 
served in both electron and muon channels, hence it is inter- 
preted as coming from imperfections in the calibration of the 

r-. 1 1 . -1 T^miss.CellOut i . . r^miss.softjets ^ 

soft hadronic recoil (the and the ^ terms). 

In events with at least one jet there is a small positive bias in the 
electron channel at high pj, which is visible also in the muon 
channel for pj in the region 15-20 GeV. 
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events. The expectation from MC simulation, normalized to the number of events in data, is superimposed. The events in the tails are discussed 
in the text. 



Figure[TO]shows (E™^^ -Ax) forZ — ^ U events where there 
are neither high pj nor soft jets, for two cases of E™**** re- 
construction: calculating the t&cm with the track- 
cluster matching algorithm (see Section 15.3. Il l or calculating 
this term from the calorimeter topoclusters only (denoted as 
ii™'^^ no tracks). The plots show a lower bias for the case 
with the track-cluster matching algorithm, indicating that it im- 
proves the reconstruction of the term. 



objects are shown in Figure [T3] for W ^ ev events. The MC 
expectations are also shown, both from W — > events, and 
from the dominant SM backgrounds. The MC simulation de- 
scribes all of the quantities well, with the exception that very 
small data-MC discrepancies are observed in the distribution 
of the E^^^'^ at low Zs™^^ values. This can be attributed to the 
QCD jet background, which would predominantly populate the 
region of low E™^^ |i8J, but which is not included in the MC 
expectation shown. 



6.3 £™'' performance mW^lv events 

In this section the Z?™^^ performance is studied mW ^ ev and 
W ^ pLV events. In these events genuine £'™'*'* is expected due 
to the presence of the neutrino, therefore the i?™^^ scale can be 
checked. 

The distributions of E^^^^ and 0™**** in data and in MC 
simulation are shown in Figure [TT| for W ev and W ^■ 
IXV events. The contributions due to muons are shown for 
W ^ jiV events in Figure [12] Both, the E™^^ contribution 
from energy deposited in calorimeter cells associated to muons, 
taken at the EM scale, and the E™^^ contribution from re- 
constructed muons are shown. The contributions given by the 
electrons, jets, soft jets and topoclusters outside reconstructed 



6.3.1 £!f''' linearity in W ^ £v MC events 

The expected £'™'*'* linearity, which is defined as the mean 
value of the ratio: (/i™^^ — £'™^^'^'™)/£'™'*'*'^™, is shown as 
a function of /T'^'^^ Tme pigm-e [14] for W ^ ev and W 
jiv MC events. The mean value of this ratio is expected to be 
zero if the reconstructed Zi™^^ has the correct scale. In Figure 
fT4l it can be seen that there is a displacement from zero which 
varies with the true /i™^^ The bias at low fi™^^' ™^ values is 
about 5% and is due to the finite resolution of the E^^^^ mea- 
surement. The reconstructed Ej^^^ is positive by definition, so 
the relative difference is positive when the small. 
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Fig. 3. Distribution of E™^^ computed with cells from topoclusters in jets (top left), in soft jets (top right), from topoclusters outside recon- 
structed objects (bottom left) and from reconstructed muons (bottom right) for data for di-jet events. The expectation from MC simulation, 
normalized to the number of events in data, is superimposed. The events in the tail of the Tl^^^^'^ distribution are discussed in the text. 



The effect extends up to 40 GeV. The bias is in general larger 
for W ^ events than for W ^ ev events. Considering 
only events with E™^^' ""^ > 40 GeV, the E™^^ linearity is bet- 
ter than 1% in W — > ev events, while there is a non-linearity 
up to about 3% in W ^ /iv events. This may be explained by 
an underestimation of the j7™^^-^^^°-l^ term, in which too few 
calorimeter cells are associated to the reconstructed muon. 



6.4 E^'"' resolution 

A more quantitative evaluation of the E™^^^ performance can 
be obtained from a study of the (E^'^^jE™****) resolutions as a 
function of Y.Et- In Z ^ M events, as well as in minimum 
bias and QCD jet events, no genuine E^'^^ is expected, so the 
resolution of the two Ej'^^ components is measured directly 
from reconstructed quantities, assuming that the true values of 
£miss ^jjj E™^^ are equal to zero. The resolution is estimated 
from the width of the combined distribution of E^^^^ and /s™'**** 

(denoted (/if'^^/i™****) distribution) in bins ofY,Ej. The core 
of the distribution is fitted, for each J^Ej bin, with a Gaus- 
sian over twice the expected resolution obtained from previous 
studies ifTTl and the fitted width, a, is examined as a function of 



Y.Ej. The £'™^'^ resolution follows an approximately stochastic 
behaviour as a function of J^Ej, which can be described with 
the function a — k- y/LEj, but deviations from this simple law 
are expected in the low Y,Et region due to noise and in the very 
large J^Ej region due to the constant term. 

Figure [15] (left) shows the resolution from data at ^/s — 7 
TeV for Z ^ U events, minimum bias and di-jet events as a 
function of the total transverse energy in the event, obtained by 
summing the p-Y of muons and the Y^E-y in calorimeters, cal- 
culated as described in Section |6T| If the resolution is shown 
as a function of the Y^E-y in calorimeters, a difference between 
Z ^ ee and Z events is observed due to the fact that 

YE-Y includes electron momenta in Z —> ee events while muon 
momenta are not included in Z — > events. 

The resolution of the two E™^^ components is fitted with 
the simple function given above. The fits are acceptable and are 
of similar quality for all different channels studied. This allows 
to use the parameter k as an estimator for the resolution and to 
compare it in various physics channels in data and MC simula- 
tion. There is a reasonable agreement in the E™^^^ resolution in 
the different physics channels, as can be seen from the fit pa- 
rameters k reported in the figure. The k parameter has fit values 
ranging from 0.42 GeV^/^ for Z il events to 0.51 GeV'/^ 
for di-jet events. The £'™'*'* resolution is better in Z ^ ^£ events 
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Fig. 4. Distribution ofY^Ej measured in a data sample of minimum bias events ( top) and di-jet events (bottom) selecting two jets with pj > 
25 GeV. The expectation from MC simulation, normalized to the number of events in data, is superimposed. On the left PYTHIA6 (ATLAS tune) 
is compared with the data. On the right PythiaS is compared with the data. 



because the lepton momenta are measured with better precision 
than jets. 



In Figure [TSl (right) the E^^^^ resolution is shown for MC 
events. In addition to the Z — tl, minimum bias and di-jet 
events, the resolution is also shown for W — > £v MC events. In 
W events the resolution of the two Z?™**** components is esti- 
mated from the width of {Ef'' - £™^^'Tn,e^^miss _ £miss,Tn,e^ 

in bins of Y.Et, fitted with a Gaussian as explained above. 
There is a reasonable agreement in the E™^^ resolution in the 
different MC channels studied with the fitted value of k ranging 
from 0.42 GeV'/^ for Z^U events to 0.50 GeV'/^ for di-jet 
events. As observed for data, the E™^^ resolution is better in 
U events and slightly better in W — > events, due to the 
presence of the leptons which are more precisely measured. 



The resolution in MC minimum bias events is slightly worse 
than in data. This is probably due to imperfections of the mod- 
elling of soft particle activity in MC simulation, while there is 
a good data-MC agreement in the resolution for other channels. 



7 Evaluation of the systematic uncertainty 
on the E^' scale 

For any analysis using it is necessary to be able to evalu- 
ate the systematic uncertainty on the E^^^^ scale. The E™^^, as 
defined in Section 1531 is the sum of several terms correspond- 
ing to different types of reconstructed objects. The uncertainty 
on each individual term can be evaluated given the knowledge 
of the reconstructed objects |8 ,23 | that are used to build it and 
this uncertainty can be propagated to E'™'*^ The overall sys- 
tematic uncertainty on the E™"*** scale is then calculated by 
combining the uncertainties on each term. 

The relative impact of the uncertainty of the constituent 
terms on E™^^ differs from one analysis to another depending 
on the final state being studied. In particular, in events contain- 
ing W and Z bosons decaying to leptons, uncertainties on the 
scale and resolution in the measurements of the charged lep- 
tons, together with uncertainties on the jet energy scale, need to 
be propagated to the systematic uncertainty estimate of E'™''*^ 
Another significant contribution to the E™^^ scale uncertainty 
in W and Z boson final states comes from the contribution of 
topoclusters outside reconstructed objects and from soft jets. In 
the next three subsections, two complementary methods for the 
evaluation of the systematic uncertainty on the E^^^^ CeiiOut 
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Fig. 6. Distribution of Ej'^^ computed with calorimeter cells associated to muons f£'™'*^''^^ ) (left) and computed from reconstructed muons 
^^miss,^^ ('n'^Afj/or Z ^ data. The expectation from Monte Carlo simulation is superimposed and normalized to data, after each MC 
sample is weighted with its corresponding cross-section. 
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the ^miss.softjets jgj-jjj^ ^j-g described. Finally the overall is™'''' un- 
certainty for W — > £v events is calculated. 



7.1 Evaluation of the systematic uncertainty on the 
£miss.ceiiout scale using Monte Carlo simulation 

There are several possible sources of systematic uncertainty in 
the calculation of ^miss .CeiiOut f}jgsg sources include inaccu- 
racies in the description of the detector material, the choice of 
shower model and the model for the underlying event in the 
simulation. The systematic uncertainty due to each of these 
sources is estimated with dedicated MC simulations. The MC 
jet samples, generated with Pythia, are those used to assess 
the systematic uncertainty on the jet energy scale ETIl . Table[T] 
lists the simulation samples considered, referred to in the fol- 
lowing as "variations" with respect to the nominal sample. 

The estimate of the uncertainty on /jmss .CeiiOut ^ 
ation / is determined by calculating the percentage difference 
between the mean value of this term for the nominal sample, 
labelled /Xo, and that for the variation sample, labelled /i,-. This 
approach assumes that the variations affect the total scale and 
none of the variations introduces a shape dependence in the 



£.miss,CeiiOut ^^^^ verified in Ref. fl^. In order to cross- 
check for a possible dependence on the event total transverse 
energy, the relative difference R, = [lii ~ /Xo)/jUo between dif- 
ferent variations is computed in bins of for the jet samples. 
No significant dependence of on Y^Ej is observed. A cross- 
check on the topology dependence is done using W sam- 
ples simulated by introducing the variations /. Table |2] shows 
the Ri values as computed in both the QCD jet samples and the 
W — > samples. The results are consistent, showing that the 
estimated uncertainty does not have a large dependence on the 
event topology. 

A symmetric systematic uncertainty on the /^miss.CeiiOut g^-^jg 
is obtained by summing in quadrature the estimated uncertain- 
ties averaged between simulated jet and W events. The total 
estimated uncertaintjQ on the ^miss.CeiiOut 2.6%. 



In this uncertainty evaluation using MC simulation, the uncer- 
tainty on the absolute electromagnetic energy scale in the calorimeters 
should also be taken into account. For the bulk of the LAr barrel elec- 
tromagnetic calorimeter a 1.5% uncertainty is found on the cell energy 
measurement, increasing to 5% for the presampler and 3% for the tile 
calorimeter 1251 . 
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Variation 


Description 


Dead Material 

FTFP-BERT 
QGSP 

Pythia Perugia 2010 tune 


5% increase in the inner detector material 
0.1 Xq in front of the cryostat of the EM barrel calorimeter 
0.05 Xq between presampler and EM barrel calorimeter 
0. 1 X{) in the cryostat after the EM barrel calorimeter 
density of material in barrel-endcap transition of the EM calorimeter x 1.5 
An alternative shower model for hadronic interaction in GEANT4 
An alternative shower model for hadronic interaction in GEANT4 
An alternative setting of the PYTHIA parameters 
with increased final state radiation and more soft particles 



Table 1. Variations of the default simulation settings used for the estimate of the £:™ss,CellOut igj^^^i systematic uncertainty. See Ref. fT\} for 
details of the parameters. 



7.2 Evaluation of the systematic uncertainty on the 
pmss,ceiiout scale from the topocluster energy scale 
uncertainty 

The uncertainty on the scale of the /jmiss.CeiiOut j-gj-jj^^ which is 
built from topoclusters with a correction based on tracks (see 
Section 15. 3. lb . can also be calculated from the topocluster en- 
ergy scale uncertainties. These uncertainties can be estimated 
from comparisons between data and MC simulation using the 



E /p response from single tracks, measured by summing the en- 
ergies of all calorimeter clusters around a single isolated track 
[(25 1 . The effects of these uncertainties on the ^miss.CeiiOut ^qj-j^^ 
can be evaluated by varying the energy scale of topoclusters 
that contribute to the ^miss .CeiiOut ^^^^ in W ^ ev MC sam- 
ples, as was done in Ref. |8|. 
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Fig. 15. £™^^ and £™'^'* resolution as a function of the total transverse energy in the event calculated by summing the pj of muons and the 
total transverse energy in the calorimeter in data at y'i = 7 TeV (left) and MC (right). The resolution of the twoE™^^ components is fitted with 
a function (j = k - s/EE-y and the fitted values of the parameter k, expressed in GeV'/^, are reported in the figure. 



Variation 


jet events 


W production 


Dead Material 


(-0.5±0.1)% 


(-0.6±0.2)% 


FTFP^ERT 


(0.1 ±0.4)% 


(0.5 ±0.2)% 


QGSP 


(-1.6±0.4)% 


(-2.2±0.2)% 


Pythia Perugia 2010 tune 


(-1.7±0.1)% 


(-1.5±0.2)% 



Table 2. Systematic uncertainties (R,) on E™"'^' " associated with 
variations in the dead material (all the variations listed in Table [T] 
are applied at the same time), in the calorimeter shower modelling 
(FTFP_BERT, QGSP) and in the event generator settings (PYTHIA Pe- 
rugia 2010 tune). 



The shift in the topocluster energy scale is applied by mul- 
tiplying the topocluster energy by the function: 

l±ax{l+b/pT) (8) 

with fl = 3(10)% for |tj| < (>)3.2 and ^7 = 1.2 GeV. 

The a parameter in Equation |8] addresses the uncertainty 
on the cluster energy scale, obtained by comparing the ratio of 
the cluster energy and the measured track momentum, E / p,m 



data and MC simulation ll25l . The value in the forward region, 
where tracks cannot be used to validate the energy scale, is 
estimated from the transverse momentum balance of one jet in 
the central region and one jet in the forward region in events 
with only two jets at high transverse momenta. 

The b parameter in Equation|8]addresses the possible change 
in the clustering efficiency and scale in a non-isolated environ- 
ment. To go from the response for single isolated particles to 
the cluster energy scale, possible effects from the noise thresh- 
olds in the configuration with nearby particles are taken into 
account . 

Because of threshold effects, more energy is clustered for 
nearby particles than for isolated ones. In an hypothetic worst 
case scenario, the environment is so busy that the clustering 
algorithm is forced to cluster all the deposited energy, with no 
bias due to the noise thresholds. Therefore, the maximal size 
of the noise threshold effect can be evaluated by comparing 
the ratio ^ceii/ P of the total energy iSceii deposited into all cells 
around an isolated track to the track momentum, to the ratio 
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E / p of the clustered energy E to the track momentum, in data 
and MC simulation. 

The fractional uncertainty is evaluated from: 



(4 



CellOut+ ^ ^CellOut- 



where 



I CellOut4 



^ miss, CellOut+ 



^CellOut- _ i^miss.CellOut- _^ 



^miss,CellOut| 
miss,CellOut i 



(9) 



(10) 



with £miss,CeiiOut+ ^jjj £miss,CeiiOut- obtained by shifting the 
topocluster energies up and down, respectively, using Equation 
[8] The value of the fractional /jmiss.CeiiOut uncertainty is found 
to be approximately 13%, decreasing slightly with increasing 
^/i^CeiiOut jjjjg uncertainty is much larger than the uncertainty 
due to the detector description estimated from the first three 
lines of Table |2] The main reason is that the values of a and 
b which enter into Equation |8] are conservative, to include the 
effects described above. In particular the cluster energy uncer- 
tainty in the forward region is conservatively estimated, since 
the uncertainty cannot be evaluated using tracks. Moreover, the 
procedure does not take into account the fact that when the 
clusters are shifted up in pj, some of them can form jets above 
threshold and they are therefore included in the soft jet term in 
^■miss xjjggg clusters should be removed from the /^missXeiiOut^ 
they are in fact kept and this increases the uncertainty. It should 
also be noted that in the calculation of ^mss.CeiiOm jj^g [^^q^ 
momentum is used instead of the topocluster energy when there 
is a track-topocluster matching (see Section l5.3.1b . This would 
result in a reduced uncertainty due to the more precise measure- 
ment of the track momentum, which is not taken into account 
here. Further study is expected to provide a reduction in this 
uncertainty in future, by considering the described effects in 
detail. 



Variation 


jet events 


W production 


Dead Material 


(-1.5±0.1)% 


(-1.5±0.2)% 


FTFP^ERT 


(0.3 ±0.4)% 


(0.8±0.2)% 


QGSP 


(-2.6±0.4)% 


(-2.5 ±0.2)% 


Pythia Perugia 2010 tune 


(-1.4±0.1)% 


(-1.0±0.2)% 



Table 3. Systematic uncertainties on £:™ss.softjets associated with 
variations in the dead material (all the variations listed in Table [T] 
are applied at the same time), in the calorimeter shower modelling 
(FTFP_BERT, QGSP) and in the event generator settings (PYTHIA Pe- 
rugia 2010 tune). 



in Table [3j as was done in Section 17.11 With the same data- 
driven approach utilising the uncertainty on the topocluster en- 
ergy scale described in Section 17721 the systematic uncertainty 



on £™ss,softjets evaluated to be about 10%. 



As for£™ss,CeiiOut^ fjjg uncertainty on the £™ss,softjets ^^.^jg 
found by shifting the topocluster energies is larger than the 
uncertainty estimated from MC simulation. To give an esti- 
mate of the systematic uncertainty on ^miss.softjets^ j-j^g contribu- 
tion from the calorimeter response can be taken from the data- 
driven evaluation and the contribution from the event generator 
settings from Table [3] This results in an overall systematic un- 
certainty of about 10% on /jmiss.softjets^ slightly increasing as 
Y,Ei increases. 



7.4 Evaluation of the overall systematic uncertainty 
on the E™"" scale in IV ^ ev and W ^ events 



To give an estimate of the ^miss.CeiiOut systematic uncer- 
tainty, the calorimeter contribution can be taken from Section 
17.21 and the uncertainty from the event generator settings from 
Section |TT] (Pythia Perugia 2010 tune). This results in a to- 
tal systematic uncertainty on the scale of ^miss.CeiiOut ^^gut 
13%, which slightly decreases when ^/s^'^'^nO"' increases. 



7.3 Evaluation of the systematic uncertainty on the 

£miss,softjets gggle 

The same procedure described in the previous sections is used 
to assess the systematic uncertainty on the Zi™'^^ term calcu- 
lated from soft jets (see Section lSTb . 

Using the MC approach described in Section lTTl it is found 
that the uncertainty on ^miss.softjets ^^g^ exhibit a large de- 
pendence on the event Y.Et, as was also found for the un- 
certainty on the E™^^' ^ " scale. The results are consistent 
between the QCD jet samples and the W samples, as can be 
seen from Table |3] which gives the systematic uncertainties Rt 
as computed in jet samples and in W — > £v samples. 

A total, symmetric, systematic uncertainty of about 3.3% 
on the ^ms-ssoftjets j-gj-jj^ jg obtained by combining the results 



Using as inputs the systematic uncertainties on the different re- 
constructed objects fF,"!!! and on £™ss,CellOut ^j^^j £miss,softjets 

evaluated in the previous sections, the overall E™^^^ systematic 
uncertainty in W ^ ev and W ^ pLV events is estimated. The 
same method can be applied to any final state event topology. 
Figure [T6l shows, for both W ^ ev and W — ?► jiV events, the 
systematic uncertainties on each of the terms E™^^^''' (E^^^^'^), 
^miss.jets^ ^miss.softjets ^miss.CeiiOut ^ function of their in- 
dividual contribution to J^Ej labelled ^£'t"'™. All the uncer- 
tainties are calculated with the formulae in Equationsl9land[T0l 
In the same figure the uncertainty on E™^^ due to the uncer- 
tainties on the different terms is also shown as a function of 
the total Y.Ej, together with the overall uncertainty on E'™'^^ 
obtained by combining the partial terms. The uncertainties on 
£miss,softjets ^^^^j ^miss ,CeiiOut ^j.g considered to be fully coiTe- 

lated. InW ev and W jtiV events, selected as described 
in Section 13.31 the overall uncertainty on the /s™^^ scale in- 
creases with Y.Et from ^ 1% to ^ 7%. It is estimated to be, 
on average, about 2.6% for both channels. 

The E™^^^ scale uncertainty depends on the event topology 
because the contribution of a given /s™^** term can vary for 
different final states. 
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Fig. 16. Fractional systematic uncertainty ( calculated as in Equations \9\ and \10i on dijferent ii™'^^ terms as a function of respective 
J^fi'x*™ (/e/jj and contributions of different term uncertainties on ii™"*^ uncertainty as a function ofY,Ej ( right) in MC W ^ ev events ( top) 
and W ^ fXV events (bottom). The overall systematic uncertainty on the i?™"*^ scale, obtained combining the various contributions is shown 
in the right plots (filled circles). The uncertainties on ^mi-ss ..softjets £-mi.ss .CellOut considered to be fully correlated. 



8 Determination of the E^'^^ scale from 
W ^ Iv events 

Ttie determination of ttie absolute E™^^^ scale is important in a 
range of analyses involving /i™"*"* measurements, ranging from 
precision measurements to searches for new physics. 

In this section two complementary methods to determine 
the absolute scale of E™'^^ using W £v events are described. 
The first method uses a fit to the distribution of the transverse 
mass, mj, of the lepton-£'™"*'* system, and is sensitive both to 
the scale and the resolution of E™^^. The second method uses 
the interdependence of the neutrino and lepton momenta in the 
W ^ ev channel, and the E™^^ scale is determined as a func- 
tion of the reconstructed electron transverse momentum. Both 
methods allow checks on the agreement between data and MC 
simulation for the E™^^ scale. 

8.1 Reconstructed transverse mass method 

The method described in this section uses the shape of the 
OTT distribution and is sensitive to both the Z?™'**** resolution and 



scale. The lepton transverse momentum, pj, and the i?™^^ are 
used to calculate mj as: 

niT^^l p^^Ef^^ ( 1 - cos ) (11) 

where is the azimuthal angle between the lepton momentum 
and E^^'^^ directions. The true m\ is reconstructed from the sim- 
ulation under the hypothesis that E™^^ is entirely due to the 
neutrino momentum, Template histograms of the mi distri- 
butions are generated by convoluting the true transverse mass 
distribution with a Gaussian function: 

remiss. smeared remiss, True ^ fr\ i / x^-r^ \ 

=aE^^^' *Gauss{0,k- ^yEEj) (12) 

where the parameters a and k are the fi™" scale and resolution 
respectively. 

The a and k parameters are determined through a fit of 
the m-Y distribution to data using a linear combination of signal 
and background nij distributions obtained from simulation. All 
the backgrounds, with the exception of the jet background, are 
evaluated from the same MC samples used in Section 163] and 
the normalization is fixed according to their cross-sections. The 
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shape of the jet background is also evaluated from MC simula- 
tion and its normalization is obtained from the fit, in addition 
to a and k. 

To select W — > /XV events, the same criteria as described in 
Section 13.31 are used, with the exception that no cut on E^^^^ 
is applied and a looser cut, mj > 30 GeV, is applied in order 
that the background normalization can be fitted. The a and k 
parameters obtained from the fit are shown in Table H] together 
with the numbers of events for the signal and backgrounds and 
the x^/ndof of the fit. In the table, instead of the values of a, the 
values of a - 1 = ((fi™,)' - £'™.)''^''"'')/£'™'''^''"'') are reported, 
in order to compare with the result in Sections 16.3.11 and 18.21 
The results for the a and k parameters using the mj distribution 
of the simulated signal are also shown in Table H) and they are 
in good agreement with the results from data. The result of the 
fit to data and MC simulation is shown in Figure [TtI 

To select W — > ev events, the selection described in Sec- 
tion [33] is used with the addition of tighter cuts. A cut E™^^^ > 
36 GeV is applied to exclude the region where the E™^^ re- 
sponse is not linear (see Figure [T4l l. A cut mj > 40 GeV is 
also applied. The a and k parameters obtained from the fit are 
shown in Table [H together with the results obtained from the 
MC, which are in good agreement with data. The result of the 
fit to data and MC simulation is shown in Figure [TtI 

The results obtained with this method are compatible, at 
the few percent level, with the results shown in Figure [14] and 
Figure [15] which were derived using only simulation. From 
those figures, for the W — ?> /XV channel a — 1 has values up to 
3% and the resolution is OAl^/^Ej; for the W — t- ev channel 
a — 1 is close to zero for high /i™'**** values and the resolution 
is 0.47 VL£t- 

The uncertainty due to background subtraction is aheady 
included in the uncertainty reported in Table |4] The systematic 
uncertainty on a — 1 is determined to be about 1 % for each 
channel, by checking the stability of the results using different 
cuts on /i™**** and using a different generator, MC@NLO. In 
summary, with this method the /i™'**** absolute scale is deter- 
mined from W — > £v events, in a data sample coiTesponding 
to an integrated luminosity of about 36 pb^', with an uncer- 
tainty (adding the uncertainties reported in Table [4] with the 
systematic uncertainty) of about 1.5% and about 2% for the 
W IJ.V andW— >ev decay channels, respectively. 



8.2 Method based on the correlation between 
electron and neutrino transverse momenta in 

I// — > ev 

In this section the coiTelation between the transverse momenta 
of charged and neutral leptons from W boson decays is used to 
determine the £'™-'*-'* scale. The mean measured E'^'^^'^is com- 



miss 
T 



pared to the mean true £'™'*'*from signal MC events. The rela 
five bias in the reconstructed ({Ef'') - 
is studied as a function of pj because the MC simulation of the 
electron response is more accurate than that for hadrons. 

This method is shown for W — > eV events by applying 
selection criteria similar to the ones described in Section 13.31 
but with isolation requirements both on the electron track and 



calorimeter signal. The E™'**** is required to be greater than 20 
GeV and no cut is applied on mj. 

MC samples are generated with MC@NLO [15}. A next- 
to-leading-order (NLO) generator is used for this study because 
in this approach the Ej'^^ scale is validated on the basis of the 
known decay properties of the W boson. The correlation be- 
tween pj and pj is important for this study, and is poorly de- 
scribed by leading-order generators such as P YTHI A, whereas 
it is much improved in MC @ NLO. The MC events are weighted 
such that the true W boson transverse momentum, pj, and 
pseudorapidity rj^ agree with that generated using the RES- 
BOS 1 26 1 generator which is more accurate in describing p}^ at 
low values. Finally, an additional smearing is applied to the re- 
constructed electron momentum in the MC samples, to match 
the electron resolution measured in data, and the correction is 
propagated to £'™'*^ 

A data-driven technique is used to estimate the impact of 
jet background, which is small (see Figure[T8]left) and concen- 
trated at low pj. W ^ TV events, where the T decays to an 
electron, are the second largest background, but the impact on 
the mean value of is™'^^ is found to be negligible. 

The distribution of is shown in Figure[T8] The distribu- 
tion from data after event selection is fitted by varying the nor- 
malization of signal MC and QCD background distributions. 
A satisfactory description of data is achieved except for the 
first bin, which is excluded from the fit. For each pj bin, the 
corrected distribution of fi™'^^ is obtained by subtracting that 
of the background sample (after normalizing it according to 
the fit) from the data distribution. The largest impact of back- 
ground corresponds to pj = 20 GeV, with an effect of about 2 
GeV on the mean value of E™^^; the effect decreases quickly 
to 0.2 GeV at p'j = 30 GeV. 

Since a cut on /s™'**** is used for the event selection and the 
Ijmiss resolution is finite, the results are biased. To correct for 
the bias in signal MC events the requirement of reconstructed 
Ef'' > 20 GeV is replaced by a cut on true Ef'' > 20 GeV. 

The mean measured E™^^, corrected for background and 
for the event selection bias, is used to calculate the relative bias 
in the reconstructed ({Ef'') - (£™^^'T™'=))/(£™ss.T™e^^ 

which is shown in Figure [18] as a function of pj. The figure 
shows that the Zi™^^ scale is correct at low values of pj while 
it is overestimated at high values of p^. 

The bias on Z?™^^ is on the percent level between 25 and 
35 GeV, then it rises up to 7% and it is 2 +- 0.1% on aver- 
age. For comparison, if the entire calculation is performed on 
signal MC events alone, the resulting average bias in /i™^^ is 
2.9 ± 0. 1 %. The method relies on simulation to derive the cor- 
relation between /jmiss.True ^.^^^ sensitive to 
details of the simulation. In particular, the jet factorization and 
renormalization scales, as well as the choice of PDF, can af- 
fect the results, but all these also change the pj distribution. 
'^Tfi^fefore the shape of the p^ distribution was distorted by 
±10%, justified by the comparison of a recent measurement of 
the pj distribution |27| with RESBOS predictions, and the 
relative bias was calculated again. A systematic uncertainty on 
the relative is™'''* scale bias of ±2% is evaluated. The results 
for the average fi™'^^ scale are summarized in Table [5] These 
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Channel 


a - 1 (%) 


k 


Signal 


EW(fixed) 


QCD 


X^/ndof 


W — !> /XV data 


5.1±0.8 


0.52±0.01 


164920 ±840 


14760 


24870 ±840 


68/87 


W ^^VMC 


5.5±0.8 


0.50±0.01 




70/78 


W ^ ev data 


-0.8±1.6 


0.49 ±0.01 


75660 ±180 


1210 


980 ±180 


54/75 


H/ ^ ev MC 


1.8± 1.7 


0.50±0.01 




38/54 



Table 4. Results of mj fit in W — > Iv events. The second and third columns show the scale and resolution parameters obtained. The numbers 
of events for the signal, the electroweak and QCD backgrounds obtained from the fit are shown in the fourth, fifth and sixth columns for data. 
In the last column the ;|;^/ndof of the fit is reported. The errors are statistical and take into account background subtraction uncertainties and 
correlations. 




hTt- [GeV] niT [GeV] 

Fig. 17. Distributions of the transverse mass, mj, of the muon-Ej^^'^ system (left) and of the electron-E™'^^ system (right) for data. The 
mj distributions from Monte Carlo simulation are superimposed, after each background sample is weighted as explained in the text. The main 
backgrounds are shown for W — ?• /iv, the sum of all backgrounds is shown for W — > ev. The W ^ £v MC signal histogram is obtained using 
the true E^^^^ smeared as in Equation M2\ with the scale and resolution parameters obtained from the fit. 




Fig. 18. Transverse momentum distribution of electron candidates in data, in signal MC with nominal event selection and with reversed cuts 
for background (QCD) from data (left). Relative bias in the reconstructed Ej^^^ (right). Only statistical uncertainties are shown. 



results agree within errors with the values of a — 1 shown in 
Table H 



9 Conclusion 

The missing transverse momentum (fi™^^) has been measured 
in minimum bias, di-jet, II and W — > events in 7 TeV 
pp collisions recorded with the ATLAS detector in 2010. 



The value of E™^^ is reconstructed from calorimeter cells 
in topological clusters, with the exception of electrons and pho- 
tons for which a different clustering algorithm is used, and 
from reconstructed muons. The cells are calibrated according 
to their parent particle type. The scheme yielding the best per- 
formance is evaluated to be that in which electrons are cal- 
ibrated with the default electron calibration and photons are 
used at the EM scale, the T-jets and jets are calibrated with 
the local hadronic calibration (LCW), the jets with p-x greater 
than 20 GeV are scaled to the jet energy scale, and the contri- 
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source 


scale bias (%) 


data 


2.0±0.1±2.0 


MC 


2.9±0.1 



Table 5. Average relative E™^^ scale bias obtained from data and MC 
simulation from the electron-neutrino correlation method. The statis- 
tical and the systematic uncertainties are given for data. 



bution from topoclusters not associated to high-/7T objects is 
calculated with LCW calibration combined with tracking infor- 
mation. 

Monte Carlo simulation is found to describe the data in gen- 
eral rather well. No large tails are observed in the E^^^^ distri- 
bution in minimum bias, di-jet and Z ^ U events, where no 
significant Ej^^^ is expected. The tails are not completely well 
described by MC simulation especially in di-jets events, where 
there are more events in the tail in data. 

There is some difference observed between data and MC 
simulation for the reconstructed total transverse energy. The 
precise difference is dependent on the model used to simulate 
soft-physics processes. 

The E™^^ resolution is similar in the different channels stud- 
ied and in agreement with the resolution in the MC simulation. 
The resolution follows a function o = k- ^/EEj, where the pa- 
rameter k is about 0.5 GeV^/^. 

The linearity of the E™^^ measurement in W — > events 
is studied in MC simulation as a function of the true £'™"*^ 
Except for the bias observed at small true £'™-'*''* values (visible 
up to 40 GeV), due to the finite E"^'^^ resolution, the linearity is 
better than 1% in W ev events, while a small non-linearity 
up to about 3% is observed in W ^ fiv events. 

TheE'™'*'* projected along the Z direction in Z —> £^ events 
is observed to have a bias up to 6 GeV at large values of pj 
in events with no jets, suggesting that some improvements are 
still needed in the calibration of low-px objects. 

The overall systematic uncertainty on E^'^^scale, calculated 
by combining the uncertainties on the various terms entering 
the full E™'**** calculation, is estimated to be, on average, 2.6% 
in events with a W decaying to a lepton (electron or muon) and 
neutrino. The uncertainty is larger at large Y.Ej- 

Two methods are used for determining the E™^^ scale from 
W —i' £v events in data, giving results in agreement with that 
evaluated using MC simulation. The resulting uncertainty on 
the Ej^'^'^ scale determined in-situ with 36 pb^' of data is, on 
average, about 2%. 
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T. Doherty^^ Y. Doi^^'*, J. Dolejsi^^e, l Dolenc'^^ 2. Dolezal^^^, B.A. Dolgoshein^^ *, T. Dohmaei^^ M. Donadelli^^d, 
M. Donegai20, j. Donini^^ J. Dopke^^, A. Doriai'^^a, a. Dos Anjos^^^ M. Dosil", A. Dotti^ 22a, 122b j Oova™, 
J.D. Dowell", A.D. Doxiadis'^^ A.T. Doyle^^ Z. Drasal'^e^ j Drees""*, N. Dressnandt"*^, H. Drevermann^^, c. Driouichi^^, 
M. Dris^, J. Dubbert*"^, T. Dubbs"'', S. Dubei"*, E. Duchovni"\ G. Duckeck^^, A. Dudarev^^, R Dudziak'''*, M. Diihrssen ^9, 
LP Duerdoth*^2^ L. Duflot"^ M-A. Dufour^^ M. Dunford^^, H. Duran Yildiz^'', R. Duxfield"9, M. Dwuznik", F Dydak^^, 

D. Dzahini^^ M. Duren^^^ yv'l Ebenstein'*'*, J. Ebke''^ S. Eckert'*^ S. Eckweiler^^ K. Edmonds^^ C.A. Edwards^*^, 
N.C. Edwards5^ W. Ehrenfeld'*', T. Ehrich''^ T. Eifert^^, G. Eigen", K. Einsweiler*'*, E. Eisenhandler", T. Ekelofi^^, 
M. El Kacimii35c, m. Ellert*^'^, S. Files'*, F EUinghaus^*, K. EUis^^ N. Ems^^, J. Elmsheuser^^, M. Elsing^^, 

D. Emeliyanov*29, R. Engelmanni'**, A. Engl^*, B. Epp^^^ a. Eppig^^, J. Erdmann^'*, A. Ereditato^^, D. Erikssoni"*^^, J. Emst\ 
M. Ernst24, J. Ernwein'^*', D. Errede'^^ S. Errede'^^, E. Ertel**', M. EscaHer'*^ C. Escobar**''^, X. Espinal Curull*\ 

B. Esposito"*^, F. Etienne^^ A.I. Etienvre*^^, E. Etzion*^^ D. Evangelakou^'*, H. Evans^*, L. Fabbri'^a.i^b^ q Fabre^^, 
R.M. Fakhrutdinov"8, s. Falcianoi^^a^ y. Fang"^, m. Fanti^'^'^^'', A. Farbin'', A. Farilla"'*^ J. Farley*"**^, T. Farooque*^^ 
S.M. Farrington"^, P. Farthouat^^, R Fassnacht^^, D. FassouHotis^, B. Fatholahzadeh*^^, A. Favareto^9a.89b^ Fayard*'^, 
S. Fazio^^^'^^'', R. Febbraro^^ R Federic'^^a^ q.L. Fedin"', W. Fedorko*^**, M. Fehling-Kaschek'***, L. FeHgioni*^^ 

D. Felbnann^, C.U. Felzmann'^^, C. Feng^^d^ g j peng30^ ^ g Fenyuk"^, j. Ferencei J. Ferland'^, W. Fernando*"^, 
S. Ferrag^^, J. Ferrando^^ V. Ferrara"**, A. Ferrari*^^, R Ferrari^''^, R. Ferrari'i^a, a. Ferrer*^^, M.L. Ferrer"*^, D. Ferrere"*^, 

C. Ferretti^"^, A. Ferretto Parodi^"^'^"*', M. Fiascaris^", F. Fiedler*\ A. Filipcic'^'*, A. Filippas^, F. Filthaut^"'*, 

M. Fincke-Keeler**^^ M.C.N. Fiolhais^^a.'!, l. Fiorini**^^ A. Firan^*^, G. Fischer^*, R Fischer ^o, M.J. Fisher'^^, S.M. Fisher^^^, 

M. Flechl'*^ I. Fleck*'**, J. Fleckner^*, R Fleischmann*", S. Fleischmann*^'*, T. FHck*^4, L.R. Flores Castillo*^^^ 

M.J. Flowerdew^'', M. Fokitis'', T. Fonseca Martin*^, D.A. Forbush*^^ A. Formica*^*', A. Forti^^^ p Fortin*^9a^ j jy[ po^ter^^^ 

D. Fournier**5, A. Foussat^^, A.J. Fowler^^*, K. Fowler*^^, H. Fox^*, R Francavilla*22a.i22b^ S. Franchino**''^'**^'', D. Francis29, 
T. Frank*'^*, M. Franklin", s. Franz^^, M. Fraternali*!^^'**^'', S. Fratina*20, S.T. French^^, R Friedrich ^3, R. Froeschl^^, 

D. Froidevaux29, J.A. Frost^^, C. Fukunaga*^'', E. Fullana Torregrosa^^, J. Fuster*''^, C. Gabaldon^^, O. Gabizon*^*, 

T. Gadfort24, S. Gadomski^^, G. Gagliardi5'^^■5''^ R Gagnon^*, C. Galea^^ E.J. Gallas**^ M.V. Gallas^^, V. Gallo*^ 

B.J. Gallopi29, R Gallusi25, E. Galyaev^", K.K. Ganio^, Y.S. Gaoi43./, v.A. Gapienkoi^s, A. Gaponenko", R Garbersoni'^^ 

M. Garcia-Sciveres*^, C. Garcia*^^, J.E. Garcia Navarro'*^, R.W. Gardner^'', N. Garelli^', H. Garitaonandia*"^, V. Garonne^^, 

J. Garvey*^, C. Gatti^^ G. Gaudio**''^ O. Gaumer^^, B. Gaur*"**, L. Gauthier*36, LL. Gavrilenko^'*, C. Gay*^'^ G. Gaycken^o, 

J-C. Gayde29, E.N. Gazis^, R Ge^^d^ p Gss™, D.A.A. Geerts^'^^ Ch. Geich-Gimbel^o, K. Gellerstedti'*^^'*'*^*', 
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C. Gemme5''% A. Gemmell^^ M.H. Genest^^ S. Gentilei32aJ32b^ George^^^ S George^^ P. Gerlach"^^ ^ Gershon'5^ 

C. Geweniger5^^ H. Ghazlane^^^'', P. Ghez'*, N. Ghodbane^^ B. Giacobbe'^^ S. Giagu"2^■'32^ V. Giakoumopoulou^ 

V. Giangiobbei22a,i22b p Qianotti^^, B. Gibbard^^, A. Gibsoni^^ S.M. Gibson^^, L.M. Gilberti^^ M. Gilchriesei'*, 

V. Gilewsky'*', D. Gillberg^**, A.R. Gillmani^^, D.M. Gingrich^ ■^ J. Ginzburg^^^ N. Giokaris^ R. Giordanoi''2a,i02b^ 

F.M. Giorgi^^ P. Giovannini'^^ P.F. Giraudl3^ D. Giugni**'^^ M. Giuntai32a,i32b^ p Qiustii^a^ b.K. Gjelsten'^^ L.K. Gladilin^'', 

C. Glasman^o, J. Glatzer^^ A. Glazov^i, K.W. Glitza^^'*, G.L. Glonti'^^ J. Godfrey^^i^ j Qodlewski^^, M. Goebel'^i, 
T. Gopfert43, C. Goeringer*^!, C. Gossling'*^ T. Gottfert^'^, S. Goldfarb^^, D. Goldin^^ T. Gollingi'^^ S.N. Golovnia^^^, 

A. Gomes'^'*^ '', L.S. Gomez Fajardo'*', R. Gongalo^^, J. Goncalves Pinto Firmino Da Costa"*', L. Gonella^'', A. Gonidec^^, 
S. Gonzalez'^2^ § Gonzalez de la Hoz'^^, M.L. Gonzalez SiW'', S. Gonzalez-Sevilla'*'^, J.J. Goodson'''^ L. Goossens^^, 
RA. Gorbounov''^ H.A. Gordon^^, I. Gorelov'O^ G. Gorfine"'', B. Gorini^^, E. Gorini^^a.vib^ ^ Gorisek^'', E. Gornicki^^, 
S.A. Gorokhov'28^ yjsj Goryachev'^^, B. Gosdzik'^i, M. Gosselinkio^, M.I. GostMn^^, I. GoughEschrichi^^, M. Gouighri"^'', 

D. Goujdami'^5^ M.R Goulette'''^, A.G. Goussiou"^ C. Goy", I. Grabowska-Bold'*'^'^, V. Grabski"^, R Grafstrom^'*, 

C. Grah'^"*, K-J. Grahn"*', F Grancagnolo^^a^ § Grancagnolo'^ V. Grassi'^^, v. Gratchev'^i, N. Grau^"*, H.M. Gray^^, 
J.A. Gray'''^ E. Graziani'3''^ O.G. Grebenyuk'^i, D. Greenfield'^^, T. Greenshaw^^ Z.D. Greenwood^"* ', K. Gregersen^^, 
I.M. Gregor^i, R Grenier'43, J. Griffiths'^^ N. Grigalashvili^^ A.A. Grilloi^?, s. Grinstein", Y.V. Grishkevich^^ 

J.-F. Giivaz"^ J. Grognuz^^ M. Groh^^ E. Grossi''\ J. Grosse-Knetter^^, J. Groth-Jenseni'^\ K. Grybel'^i, V.J. Guarino^ 

D. Guest'^^ C. Guicheney^^ A. Guida^2aj2b^ j Guillemin'*, S. Guindon^^ ^ Guler*^^.™^ j Gunther'^s, b. Guo'^s, J. Guo^'', 

A. Gupta^o, Y. Gusakov^^ V.N. Gushchin'^^, a. Gutierrez'^^ R Gutierrez"', N. Guttman'^^ O. Gutzwiller"^^ C. Guyot'^^, 

C. Gwenlan'i^ C.B. GwilUam'^^ A. Haas'43, s. Haas^^, C. Haber'^, R. Hackenburg^^, H.K. Hadavand^^ D.R. Hadley", 

R Haefner'^'^, F Hahn^^, S. Haider^^, Z. Hajduk^^ H. Hakobyan"'', J. Haller^^, K. Hamacher""^ p Hamal"^ A. Hamilton^^, 
S. Hamilton'", H. Han^^a^ l. Han^^b^ Hanagaki"^ M. Hance'^o, C. Handel^', R Hanke5**^ J.R. Hansen^^ J.B. Hansen^^ 
J.D. Hansen^^ PH. Hansen^^ R Hansson"'^ K. Hara"^", G.A. Hare'", T. Harenberg'^^^ 5 Harkusha*^", D. Harper*^\ 
R.D. Harrington^', O.M. Harris'^^, K. Harrison''', J. Hartert''^, F. Hartjes'"^, T. Haruyama''^, A. Harvey^^, S. Hasegawa"", 
Y. Hasegawa'40, S. Hassani"6, M. Hatch^^, D. Hauff^^, S. Haug'^ M. Hauschild^^, R. Hauser^^ M. Havranek^o, 

B. M. Hawes"^ CM. Hawkes'^, R.J. Hawkings^**, D. Hawkins "'^ T. Hayakawa^'^, D Hayden^^, H.S. Hayward^^ 

S.J. Haywood'2^ E. Hazen^', M. He^^^, S.J. Head'\ V. Hedberg^^ L. Heelan\ S. Heim*^^ B. Heinemann"', S. Heisterkamp^^, 
L. Helary'', M. Heller"^ S. Hellman"'^^''''*, D. Hellmich^", C. Helsens", R.C.W. Henderson^', M. Henke^*^ A. Henrichs^'', 
A.M. Henriques Correia^', S. Henrot-Versille"^, F. Henry-Couannier^^, C. Hensel^"*^, T. Henfi'^"', CM. Hernandez^, 
Y. Hernandez Jimenez'^^, R. Herrberg'^, A.D. Hershenhorn'^^, G. Herten^^, R. Hertenberger^^, L. Hervas^^, N.R Hessey"^^, 
A. Hidvegi"'<^^ E. Higon-Rodriguez'^^, D. HiUS *, J.C HilF, N. Hill^, K.H. Hiller'*', S. Hillert^'', S.J. Hillier'\ I. HinchUffe"', 

E. Hines'20, M. Hirose"^, R Hirsch^^, D. Hirschbuehl'^"^ j Hobbs"'^ N. Hod'^^ M.C. Hodgkinson'^", R Hodgson'^^ 
A. Hoecker^^, M.R. Hoeferkamp'^^ j. Hoffman^^, D. Hoffmann*^ M. Hohlfeld*\ M. Holder'^i, S.O. Holmgren'46^ 

T. Holy'^'', J.L. Holzbauer^^ Y. Homma^'', T.M. Hong'^", L. Hooft van Huysduynen"'^ T. Horazdovsky'^^, C. Horn''*^ 
S. Horner'*^ K. Horton"^ J-Y. Hostachy^^, S. Hou'^', M.A. Houlden^^ A. Hoummada'35^ J. Howarth*^^ D.F Howell"^ 
I. Hristova '5, J. Hrivnac"^ I. Hruska^^s, T. Hryn'ova'*, RJ. Hsu'^^ S.-C. Hsu^'', G.S. Huang"', Z. Hubacek'^^, R Hubaut^^ 

F. Huegging^o, T.B. Huffman"^ E.W. Hughes^"^ q Hughes^', R.E. Hughes-Jones*^^ jyj Huhtinen^^, R Hurst", M. Hurwitz"', 
U. Husemann^', N. Huseynov^^'", J. Huston^^, J. Huth^^, G. lacobucci^'-*, G. lakovidis^, M. Ibbotson^^, I. Ibragimov'''^', 

R. Ichimiya*'^, L. Iconomidou-Fayard"^, J. Idarraga"^ M. Idzik", R Iengo"'2a:i02b^ q igonkina"'^ Y. Ikegami*'*', M. Ikeno^^, 
Y. Ilchenko^'', D. lUadis'^'', N. Ilic'^^ D. Imbault^^ M. Imhaeuser'^"^ ^ Imori'^^, T. Ince^'', J. Inigo-Golfin^'', R loannou^ 
M. lodice'^''^, G. lonescu'*, A. Tries Quiles'^"^, K. Ishii^^, A. Ishikawa^'', M. Ishino^^, R. Ishmukhametov^^, C. Issever"^, 
S. Istin'*^^ A.V. Ivashin'28, W. Iwanski3^ H. Iwasaki'^^ J.M. Izen'"', V. Izzo'^^^, R. Jackson'^", J.N. Jackson", R Jackson'^^, 
M.R. JaekeP, V. Jain*'', K. Jakobs^^ S. Jakobsen^^, J. Jakubek'", D.K. Jana'", E. Jankowski'^^, E. Jansen", A. Jantsch^'', 
M. Janus^o, G. Jarlskog^^ L. Jeanty", K. Jelen", I. Jen-La Plante^", R Jenni^^, A. Jeremie'*, R Jez^^, S. Jezequel'', M.K. Jhal^^ 
H. Ji'''2 W. Ji**', J. Jia'48, Y. Jiang"'', M. Jimenez Belenguer"", G. Jin"'', S. Jin"% O. Jinnouchi'", M.D. Joergensen^^, 

D. JolTe^^^ L.G. Johansen'\ M. Johansen''*^''''46b, k.E. Johansson'4^^ R Johansson'^'^, S. Johnert^', K.A. Johns^, 

K. Jon-And"'^^'"'^'', G. Jones*^^ R.W.L. Jones^', T.W. Jones", T.J. Jones", O. Jonsson^^ C. Joram^^, RM. Jorge'^^^ *, 
J. Joseph'4, T. Jovin'2'', X. Ju'^o, V. Juranek'^^, R Jussel^^ A. Juste Rozas", V.V. Kabachenko'^^, S. Kabana"^, M. Kaci"^^ 
A. Kaczmarska^*, R Kadlecik^^, M. Kado'^^ H. Kagan'^^, m. Kagan^'^, S. Kaiser^^, E. Kajomovitz'^^ § Kalinini'''', 
L.V. Kalinovskaya*'^ S. Kama^*^, N. Kanaya'^^ M. Kaneda^*^, T. Kanno'", V.A. Kantserov^*', J. Kanzaki*'^, B. Kaplan'''^, 
A. Kapliy^", J. Kaplon^^, D. Kar"*^, M. Karagoz"^, M. Karnevskiy'*', K. Karr^, V. Kartvelishvili^', A.N. Karyukhin'^^, 
L. Kashif'", A. Kasmi^^, R.D. Kass'"^ A. Kastanas'^ M. Kataoka'*, Y. Kataoka'^^ E. Katsoufis'', J. Katzy"', V. Kaushik^, 
K. Kawagoe^'', T. Kawamoto'^^, G. Kawamura^', M.S. Kayl'"^ V.A. Kazanin'^'^, M.Y Kazarinov*'^ J.R. Keates^^, 
R. Keeler'^^ R. Kehoe^^, M. Keil^'', G.D. Kekelidze^^ M. Kelly^^^ j Kennedy^^ C.J. Kenney'^^, M. Kenyon^^, O. Kepka'^^, 
N. Kerschen^^, B.R Kersevan^'', S. Kersten'^", K. Kessoku'^^ C. Ketterer'*^ J. Keung'^**, M. Khakzad^**, F Khalil-zada'°, 
H. Khandanyan'6^ A. Khaiiov"2, D. Kharchenko^^ A. Khodinov^*', A.G. Kholodenko'^^, A. Khomich5^^ T.J. Khoo", 

G. KhoriauU^", A. Khoroshilov"'', N. Khovanskiy^^ V. Khovanskiy^^ E. Khramov^^ J. Khubua^', H. Kim"^, M.S. Kim^, 
PC Kim'43, S.H. Kim'S", N. Kimura'™, O. Kind'^, B.T. King", M. King«^ R.S.B. King"^ J. Kirk'^^, G.R Kirsch"^ 
L.E. Kirsch^^, A.E. Kiryunin^^, T. Kishimoto''^, D. Kisielewska^^, T. Kittelmann'^^, A.M. Kiver'^'^, H. Kiyamura''', 

E. Kladiva"'^'', J. Klaiber-Lodewigs'*^, M. Klein'^^ U. Klein'^^ K. Kleinknecht^', M. Klemetti*^ A. Klier''^', A. Klimentov^, 
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R. Klingenberg42, E.B. Klinkby^^ T. Klioutchnikova^^, RR Klok'''^, s. Klous^''^ E.-E. Kluge5*^^ T. Kluge", R KluitlO^ 

S. Kluth''^ N.S. Knecht'^^ E. Kneringer^^^ j Knobloch^'', E.B .EG. Knoops^^ A. Knue^"*, B.R. Ko"^"*, T. Kobayashii^^ 

M. Kobel'*^ M. Kociani'^^ A. Kocnari", R Kodys^^^, K. Koneke^^ A.C. Konigio^, s. Koenig*\ L. Kopke*\ E Koetsveldi"'*, 

R Koevesarki^o, T. Koffas^^ E. Koffeman"'^ R Kohn^^, Z. Kohout'^?, T. Kohriki^*^, T. Koi^'^^, T. Kokott^", G.M. Kolachev^'''^, 

H. Kolanoski^^ V. Kolesnikov^^ I. Koletsou**'^^ J. Koll^^ D. KoUar^^ M. KoUefrath^^, S.D. Kolya^^ AA. Komar^^, 

J.R. Komaragirii42, y. Komorii^^ T. Kondo^^, T. Kono'*!''', A.I. Kononov'*^ R. Konoplich'"^ /', N. Konstantinidis^'', 

A. Kootz"4^ s Koperny37, S.V. Kopikov'^s^ ^ Korcyl^^ K. Kordasi54, y. Koreshev'^S^ ^ Kom^^, A. Koroli''^ I. Korolkovi\ 

E.V. Korolkovai^'^, V.A. Korotkov^^s^ q Kortner'^'^, S. Kortner'*'', V.V. Kostyukhin^", M.J. Kotamaki^^, S. Kotov^'^, 

V.M. Kotov*^^ A. Kotwal'*'*, C. Kourkoumelis^ V. Kouskoura'^'^, A. Koutsman'^^ R. Kowalewski'^^, T.Z. Kowalski^'', 

W. Kozaneckii^^, A.S. Kozhin'^s, V. Kral'^?^ y.A. Kramarenko''', G. Kramberger^'*, M.W. Krasny^^ A. Krasznahorkay'"^ 

J. Kraus*^ A. Kreiseli^^ E Kiejci™, J. Kretzschmar''^ N. Krieger^"*, R Kriegeri^^ K. Kroeninger^'*, H. Kroha^^, J. KroUi^o, 

J. Kroseberg^", J. Krstic'^^ u. Kruchonak*'^, H. Kruger^", T. Kruker'*', Z.V. Krumshteyn^^ A. Kruth^o, T. Kubota^*', 

S. Kuehn'**^, A. Kugel5'^^ T. Kuhl^^ D. Kuhn''^, V. Kukhtin*'^ Y. Kulchitsky'^'', S. Kuleshov^^'', C. Kummer^^ M. Kuna^^ 

N. Kundui'^ J. Kunkle'20^ ^ Kupco^^s, H. Kurashige^^, M. Kurata^^", Y.A. Kurochkin^", V. Kus^^s, w. Kuykendalli^**, 

M. Kuze^^'^, R Kuzhir^i, J. Kvita^^, R. Kwee^^ A. La Rosa^^^^^ l La Rotonda^^'''^^'', L. Labarga^^, J. Labbe"*, S. Lablak'^^a, 

C. Lacasta'^"^, E. Lacava^'^a.isib^ jj Lacker^^, D. Lacour'^^, V.R. Lacuesta'^'', E. Ladygin^^, R. Lafaye"*, B. Laforge'^^ 

T. Lagouri^", S. Lai****, E. Laisne^^ M. Lamanna^^, C.L. Lampen*', W. Lampl*', E. Lancon^^^, U. Landgraf***, M.RJ. Landon''^, 

H. Landsman^^^^ J.L. Lane^^^ q Lange^^^, A.J. Lankford'^^ E. Lanni^**, K. Lantzsch^^, S. Laplace^^ C. Lapoire^O, 

J.E Laporte'^^, T. Lari*^^, A.V. Larionov ^^s, A. Lamerii^, C. Lasseur^^, M. Lassnig^^, R Laurelli'*'^, A. Lavorato'i*, 

W. Lavrijsen^'*, R Laycock^^ A.B. Lazarev^^, O. Le Dortz^^ E. Le Guirriec^^ C. Le Maner'^^ E. Le Menedeu"^, C. Lebel^^, 

T. LeCompte^, E Ledroit-Guillon^^ H. Lee^^^ J.S.H. Lee^^o, s.C. Lee'^i, L. Lee'", M. Lefebvre"^^ M. Legendre"^ 

A. Leger'*'^, B.C. LeGeyt^^o^ p Legger'^^ C. Leggett''*, M. Lehmacher^o, G. Lehmann Miotto^'^, X. Lei^, M.A.L. Leite^^d, 

R. Leitneri26, D. Lellouch"\ M. Leltchouk^"*, B. Lemmer^^, V. Lendermann^Sa K.J.C. Leney^'^^'', T. Lenz^''^ G. Lenzeni^'^, 

B. Lenzi^^, K. Leonhardt"*', S. Leontsinis^, C. Leroy'*^ J-R. Lessard^^^, J. Lesseri"*^^, C.G. Lester^'', A. Leung Fook Cheong^^^^ 
J. Leveque^ D. Levin**^, L.J. Levinson'^', M.S. Levitski'^s, M. Lewandowska^', A. Lewis''^, G.H. Lewis A.M. Leyko^'', 
M. Leyton^^ B. Li^^ H. Li"^^ g Li^^b.'', X. Li**^ Z. Liang^'^, Z. Liang"** '', B. Libertii^^a^ p Lichard^^, M. Lichtnecker'^^ 

K. Lie^^^ W. Liebigl^ R. Lifshitzi^^^ Lilley'^ C. Limbach^", A. Limosani^^, M. Limper^^ S.C. Un^^^'', E Linde'"^ 
J.T. Linnemann^^ E. Lipeles'^", L. Lipinsky'^^, A. Lipniacka'^ T.M. Liss'^^ D. Lissauer^^, A. Lister"*^, A.M. Litke'", 

C. Liu2«, D. Liu'^i:-^-, H. Liu**\ J.B. Liu**^ M. Liu^^b^ 5^ ^^^2^ y. Liu^^b^ Livanll^^■ll''^ S.S.A. Livermore' I**, A. Lleres^^ 
J. Llorente Merino^'', S.L. Lloyd''^, E. Lobodzinska**', R Loch*', W.S. Lockman'^^, S. Lockwitz"^, T. Loddenkoetter^'', 
EK. Loebinger^^^ ^ Loginov"^, C.W. Loh'^^ T. Lohse'^, K. Lohwasser'^^ M. Lokajiceki25, j. Loken V.R Lombardo'^, 
R.E. Long"^!, L. Lopes'24a,6^ p. Lopez Mateos", M. Losada^^^^ p Loscutoffi'^, E Lo Sterzo"2a,i32b^ y^ j Lostyl^'*^ X. Lou'^o, 
A. Lounisii^ K.E Loureiro^'^^^ j Love^', RA. Love'^i, A.J. Lowe''^^'^, E Lu^^^ H.J. Lubatti'^**, C. Luci'32a,i32b^ ^ Lucotte^^ 

A. Ludwig'*^ D. Ludwig^^ L Ludwig'*^ J. Ludwig'*^ E Luehring", G. Luijckx^o^, D. Lumb'*^ L. Luminari'^^a^ g Lund"'', 

B. Lund-Jenseni47, B. Lundberg'^^, J. Lundbergi^Sa.web^ j Lundquist^^ M. Lungwitz^\ A. Lupii22a,i22b^ q Lutz^^, D. Lynn24, 
J. Lysi4, E. Lytken™, H. Ma24, L.L. Mai^2^ Macana Goia'*^ G. Maccarrone'*^ A. Macchiolo'*'', B. Macek''^, 

J. Machado Miguens'24a^ Mackeprang^^, R.J. Madaras''*, W.F. Mader"*^, R. Maenner^^'=, T. Maeno24, R Mattig'^"*, 
S. Mattig'*\ RJ. Magalhaes Martins'24a,/!^ l. Magnoni2'^, E. Magradze^'*, Y. Mahalalel^^^ K. Mahboubi'*^ G. Mahout^^, 

C. Maiaiii'32a,i32b^ q Maidantchik23a, A. Maio'24a,fo^ § Majewski24, Y. Makida*'*', N. Makovec"^ R Mai*", Ra. Malecki^^, 
R Malecki^^ V.R Maleevi2i, E Malek^^ U. Mallik^^ D. Malon^ S. Maltezos^, V. Malyshevi"'', S. Malyukov25, 

R. Mameghani'^, J. Mamuzic'2t', A. Manabe^^, L. Mandelli**^^, L Mandic^"*, R. Mandrysch'^, J. Maneira'24a^ p s. Mangeard^*, 
LD. Manjavidze^^, A. Mann^"*, RM. Manning'^^, A. Manousakis-Katsikakis^, B. Mansoulie^^^, A. Manz^^, A. Mapelli29, 
L. Mapem29, l. March J.E Marchand29, E. Marchese^^^'^^^'', G. Marchiori■'^ M. Marcisovskyi25, a. Marin2i>*, 

C. R Marino*'^ E Marroquim23a, R. Marshall^2^ 2. Marshall29, EK. Martens'^s^ 5 Marti-Garcia'^'', A.J. Martin"^, B. Martin29, 
B. Martin**^ RR Martin'20, J.p. Martin'^^ Ph. Martin^^ T.A. Martin'^, B. Martin dit Latour"**^, S. Martin-Haugh''*'^, 

M. Martinez", V. Martinez Outschoorn^^, A.C. Martyniuk^2^ ]y[ Marx^^, E. Marzano'^2a^ ^ Marzin'", L. Masetti*^ 
T. Mashimo'^^ R. Mashinistov^"*, J. Masik^2^ ^..L. Maslennikov^'''', L Massa''''''''"', G. Massaro^''^, N. Massol"*, 
R. Mastrandrea'^2a,i32b^ ^ Mastroberardino^^"''^'', T. Masubuchi^^^, M. Mathes2'', R. Matricon"^, H. Matsumoto^^', 
H. Matsunaga^^^, T. Matsushita^'', C. Mattravers"**''', J.M. Maugain2^, S.J. Maxfield''^, D.A. Maximov'"'', E.N. May^, 

A. Mayne'^'^, R. Mazini'^', M. Mazur20, M. Mazzanti^''^ E. Mazzonii22a,i22b^ § p jy^^. j^gg87^ ^ McCarni'^^ R.L. McCarthyl'^^ 
T.G. McCarthy28, N.A. McCubbini29, K.W. McEarlane^^, J.A. Mcfayden"9, h. McGlone^^ G. MchedUdze^^, 

R.A. McLaren29, T. Mclaughlan", S.J. McMahoni29, r.a. McRherson'^^'^, A. Meade^^, J. Mechnichios, m. Mechtel""*, 
M. Medinnis'*\ R. Meera-Lebbai"\ T. Meguro"^, R. Mehdiyev^^, S. Mehlhase^^, A. Mehta''^ K. Meier^^", J. Meinhardt'*^ 

B. Meirose'^, C. Melachrinos^*^, B.R. Mellado Garcia'^2^ l. Mendoza Navas'^2^ Z Meng'^' *, A. Mengarelli'^''''^'', 

S. Menke^*^, C. Menot29, E. Meoni", K.M. Mercurio^^ R Mermod"^ L. Merola''^2a,i02b^ q Meroni^^a^ p g Merritt^", 
A. Messina2^ J. Metcalfei°^ A.S. Mete^, S. Meuser20, C. Meyer^i, J-R Meyer"^, j. Meyer^''^ J. Meyer^^^ ^.C. Meyer29, 
W.T. Meyer«4^ j Miao32d^ g Michal29, L. Micu25a, R.R Middletoni29, R Miele29, S. Migas'^ L. Mijovic^i, G. Mikenberg"\ 
M. Mikestikovai25^ ^ Mikuz^^^ Miller^^s, r.j. Miller^^ W.J. Mills'^^ C. Mills^^ A. Milovi'\ D.A. Milstead^'^^'^'i'^^'', 

D. Milsteini'^i, A.A. Minaenkoi28, M. Minanoi^'', I.A. Minashvili^^, A.I. Minceri*^*, B. Mindur^'', M. Mineev^^, Y. Mingi^", 
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L.M. Mir'^ G. Mirabelli'^^'', L. Miralles Verge'\ A. Misiejuk^'', J. Mitrevski'^^, G.Y. Mitrofanov'^^, V.A. Mitsou"'^, 
S. Mitsui*^^, P.S. Miyagawa'3^ K. Miyazaki''^ J.U. Mjornmark™, T. Moa^'^'^^' P. Mockett'^^ S. Moed^^ V. Moeller^^, 
K. Monig^i, N. Moser^o, S. Mohapatrai'*^ W. Mohr^*, S. Mohrdieck-Mock^^, A.M. Moisseeyi^s.*, R. Moles- Valls^^'^, 
J. Molina-Perez^'*, J. Monk", E. Monnier**^ S. Montesano^'*^'^^'', F. Monticelli™, S. Monzani''*^' R.W. Moore^, 
G.F. Moorhead^^, C. Mora Herrera"*^, A. Moraes^^ N. Morange^^^, J. Morel^"*, G. Morello^^'''^^'', D. Moreno^', M. Moreno 
Llaceri^"^, P. Morettmi^"", M. Morii^'^, J. Morin^^ Y. Morita*'^, A.K. Morley^^, G. Mornacchi^^, S.V. Morozov^^, J.D. Morris''^, 
L. Morvaji"!, H.G. Moser^^, M. Mosidze^\ J. Moss'"*^, R. Mount^^s^ g Mountricha"*', S.V. Mouraviev'''*, E.J.W. Moyse^^^ 
M. Mudrinic'2b, R Mueller^^'', J. Mueller'23, K. Mueller^", T.A. Muller'*^ D. Muenstermann^*^, A. Muir'^^ Y. Munwes'^^ 
W.J. Murray 129, 1. Mussche^''^ E. Mustoi*'2=''i02b^ j^ q Myagkov^^^, M. Myska'^^, j. Nadal'\ K. Nagai'^", K. Nagano^^, 
Y. Nagasaka^'O, A.M. Nairz^^, Y. Nakahama^'', K. Nakamurai^^ I. Nakano'i", G. Nanava^^, A. Napier'^i, M. Nash"'^ 
N.R. National, T. Nattermann^o, T. Naumann^i, G. Navarro^^^, H.A. Neal^'^, E. Nebot*'', RYu. Nechaeva^'*, A. Negri"^*'"^'', 

G. Negri^^, S. Nektarijevic"*^, S. Nelson''*^ T.K. Nelson'43, s. Nemecek'^s, R Nemethy"'^ A.A. Nepomuceno^^^ M. NessP^-', 
S.Y. Nesterov'2i, M.S. Neubauer^^^ A. Neusiedl^^ R.M. Neves^^^ R Nevski^^, RR. Newman'^, V. Nguyen Thi Hong^^^, 
R.B. Nickerson^'^, R. Nicolaidou'^^, L. Nicolas'^^, B. Nicquevert^^, F. Niedercorn^'^, J. Nielsen^^^, T. Niinikoski^^, 

N. Nikiforou^'*, A. Nikiforoyi^ V. Nikolaenko'^s^ k. Nikolaev^^ I. Nikolic-Audit'^ K. Nikolics'*^, K. Nikolopoulos^^, 

H. Nilsen'**, R Nilsson'', Y. Ninomiya A. Nisati"^^, T. Nishiyama^'', R. Nisius^^, L. Nodulman^, M. Nomachiii^, 

I. Nomidisi^"*, M. Nordberg29, B. Nordkvist'46a,i46b^ pj^^ Nortoni^^, j. Novakovai^s, M. Nozaki^^^ M. Nozicka^^, L. Nozka'"^ 
I.M. Nugent'^^'', A.-E. Nuncio-Quiroz^^, G. Nunes Hanninger^'', T. Nunnemann^^, E. Nurse^^, T. Nyman^^, B.J. O'Brien"*^, 
S.W. O'Neale^'^'*, D.C. O'Neill'*^, v. O'Shea^^ EG. Oakham^^ ^, H. Oberlack^^, J. Ocariz'^^ A. Ochi^'', S. Oda^^^ S. Odaka^^, 
J. Odier^^ H. Ogren*^', A. Oh*^^ S.H. Oh^^, C.C. Ohm'46a,i46b^ j Ohshimai''\ H. Ohshita^^o, T.K. Ohska^^, T. Ohsugi^^, 

S. Okada*^^, H. Okawal'''^ Y. Okumura'^'i, T. Okuyamai^s, m. 01cese5°% A.G. Olchevski'^^ M. 01iveira'24a,ft^ 

D. Oliveira Damazio^"*, E. Oliver Garcia'*'^, D. Olivito'^", A. Olszewski^^ J. 01szowska^^ C. Omachi^^, A. Onofre'^^a.", 
RU.E. Onyisi^o, C.J. Orami^Sa, M.J. Oreglia^"^, Y. Oren'^^, D. Orestanoi2'*^''34b^ j Orlov^'^^ C. Oropeza Barrera^^ R.S. On^^^, 

B. Osculati5''^'50*', R. Ospanoyi^o, c. Osuna", G. Otero y Garzon^^, J.p Ottersbachio^ M. Ouchrif"5d, p. Ould-Saadai", 
A. Ouraou'^*', Q. Ouyang^^a^ jyj Owen^^^ S Owen'^**, V.E. Ozcan'^^ N. Ozturk^, A. Pacheco Pages' ' , C. Padilla Aranda^i, 
S. Pagan Griso'"*, E. Paganis'^^ F. Paige^^, K. Pajchel'", G. Palacino'^^'', C.R Paleari^ S. Palestini^^, D. PalUn^^ 

A. Palma™''''', J.D. Palmeri"^, YB. Pan"^, E. Panagiotopoulou^, B. Panes^'^, N. Panikashvili^'^, S. Panitkin^, D. Pantea^^", 
M. Panuskova'2^, V. Paolone'^'', A. Papadelis''**'^, Th.D. Papadopoulou^, A. Paramonov^, W. Park^"^'^, M.A. Parker^^, 

F. Parodi^"'''^'"', J.A. Parsons^'', U. Parzefall"**^, E. Pasqualucci'^^a^ ^ Passeri'^''% R Pastore'^''^^'^'^'', Fr. Pastore^**, G. Pasztor 
'^'^ S. Pataraia"^^ n. Patel'^o, j.R. Pater**^ S. Patricelli'''2a,i02b^ j Pauly^^ M. Pecsy''^''^ M.I. Pedraza Morales"^^ 

S.V. PeleganchukiO'', H. Peng^^b, R. Pengo^^, A. Penson^"*, J. PenweU^\ M. Perantoni^^^, K. Perez^^^^ -p pg^^^ Cavalcaiiti'*\ 

E. Perez Codina", M.T. Perez Garci'a-Estan'^'', V. Perez Reale^"^, L. Perini^^"'*^'', H. Pemegger^^, R. Perrino''^^, R Perrodo"*, 
S. Persembe^\ V.D. Peshekhonov*'^, B.A. Petersen^^, J. Petersen^^, T.C. Petersen^^, E. Petit^^ A. Petridis'^^^ q Petridou'^"^, 

E. Petrolo'^2a^ p Petrucci'^'^^ i^^'', D. Petschull'*', M. Pettenii'^^ R. Pezoa^"', A. Phan^*', A.W. PhiUips^^ RW. Phillips'^S, 

G. Piacquadio^^, E. Piccaro^^ M. Piccinini''*^ A. Pickford^^ S.M. Piec"*', R. Piegaia^^, J.E. Pilcher^", A.D. Pilkington*^^ 
J. Pinai24a,*, M. Pinamonti'^'^^ i'^^c^ ^ Pinderll^ J.L. Pinfold^, J. Ping^^c^ g Pintoi24a,*, O. Pirotte^^ C. Pizio^^^'^'^'', 

R. Placakyte"*', M. Plamondon'^*^, W.G. Plano^^^ M.-A. Pleier^^, A.V. Pleskach'^^, A. Poblaguev^^, S. Poddar5^^ F Podlyski^^ 

L. Poggioli''^ T. Poghosyan^O, M. Pohl'^'*, R Polci^^ G. Polesello'''*^ A. Policicchio'^^ A. Polini''*% J. Poll", 

V. Polychronakos^"*, D.M. Pomarede^^^, D. Pomeroy^^, K. Pommes^^, L. Pontecorvo^^^'', B.G. Pope^^ G.A. Popeneciu^^'', 

D. S. Popovic'^a ^ Poppleton^^, X. Portell Bueso^^, R. Porter^^^ C. Posch^i, G.E. Pospelov^^, S. Pospisil^^^, i.N. Potrap^^, 

C. J. Potter'"^^, C.T. Potter'"', G. Poulard^^, J. Poveda'^^^ r Prabhu", R Pralavorio^^ S. Prasad^'', R. Pravahan^, S. Prell^"^ 
K. Pretzl"', L. Pribyl^^, D. Price^', L.E. Price^, M.J. Price^^, P.M. Prichard^^ D. Prieur'^^, M. Primavera^^a^ Prokofiev'^^ 

F. Prokoshin^^'', S. Protopopescu^, J. Proudfoot^, X. Prudent^^, H. Przysiezniak"*, S. Psoroulas^*^, E. Racek^^'*, E. Pueschel^^, 
J. Purdham^'', M. Purohit^".", R Puzo"^, Y. Pylypchenko"'', J. Qian^'', Z. Qian^^ Z. Qin"', A. Quadt^'', D.R. Quarrie^", 
W.B. Quayle'^2^ F. Quinonez3'^ M. Raas"'^, V. Radescu^**'', B. Radios^", T. Rador'**^ F Ragusa**'^^'**'^'', G. Rahal'", 

A.M. Rahinui*^^, D. Rahm^^, S. Rajagopalan^"^ ^ Rammensee'*^ M. Rammes"", M. Ramstedt''*''^ '''^'', A.S. Randle-Conde^^, 
K. Randrianarivony28, RN. Ratoff^', R Rauscher^^ E. Rauter^'^, M. Raymond^^ A.L. Read'", D.M. Rebuzzi"^^"'"', 

A. Redelbach"^, G. Redlinger^^, R. Reece^^", K. Reeves'"', A. Reichold^"^, E. Reinherz-Aronis^^^, A. Reinsch''", 
I. Reisinger''^, D. Reljic'^^ C. Rembser^'', Z.L. Ren'^', A. Renaud"^ R Renkel^**, M. Rescigno'^^a^ 5 Resconi^'*'', 

B. Resende'^^, R Reznicek'*^ R. Rezvani'5^ A. Richards", R. Richter'^'*, E. Richter-Was^^'^, M. Ridel^^ S. Rieke^', 
M. Rijpstra"'^ M. Rijssenbeek'^^, A. Rimoldi"'*''"'*'', L. Rinaldi'^% R.R. Rios^^, I. Riu", G. Rivoltella^^^'^'^'', 

F. Rizatdinova"^, E. Rizvi'^, S.H. Robertson^^'^, A. Robichaud-Veronneau^^, D. Robinson-^^, J.E.M. Robinson^^, 

M. Robinson"'*, A. Robson^^, J.G. Rocha de Lima'^^, C. Roda'^^a.iiib^ p, ^^^^ Santos^^, S. Rodier^^, D. Rodriguez^^^^ 

A. Roe^", S. Roe^^, O. R0hne"^, V. Rojo', S. Rolli"'', A. Romaniouk'*^, VM. Romanov^^ G. Romeo^*', L. Roos''^ E. Ros'^"^, 

S. Rosati'22a,i32b^ Rosbach'''^, A. Rose"'^ M. Rose^^ G.A. Rosenbaum'^^ E.I. Rosenberg^"*, RL. Rosendahl'^, 

O. Rosenthal"", L. Rosselet"^, V. Rossetti'\ E. Rossi'O^a.ioib^ l p Rossi5''^ L. Rossi^^^'^^'', M. Rotaru25^ I. Roth^'^i, 

J. Rothberg'^**, D. Rousseau"^ C.R. Royon'^*', A. Rozanov^^ Y. Rozen'^^^ x. Ruan"^ I. Rubinskiy"', B. Ruckert^^, 

N. Ruckstuhl'O^ V.I. Rud^\ C. Rudolph'*^ G. Rudolph<'2, R Ruhr^, R Ruggieri'^^^^.'S^b^ A. Ruiz-Martinez^'', 

E. Rulikowska-Zarebska^^, V. Rumiantsev^^'*, L. Rumyantsev^^, K. Runge^^, O. Runolfsson^", Z. Rurikova'*^, 
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N.A. Rusakovich^^ D.R. Rust^', J.R Rutherfoord*', C. Ruwiedel^"^, R Ruzicka^^s^ y.F. Ryabov^^i^ y. Ryadovikov'^s^ p Ry^n^^^ 
M. Rybar'^e^ q Rybkin'i^ N.C. Ryderll^ S. Rzaeva'^ A.F. Saavedra^^^ I. Sadeh'^^ H.F-W. Sadrozinski'^?^ r Sadykov^^ 

F. Safai Tehram"2a,i32b^ jj Sakamotoi^s, G. Salamanna^^ A. Salamoni^Sa^ M. Saleemi", D. Salihagic^^ A. Salnikoyi'^^ 

J. Salt'*'^, B.M. Salvachua Ferrando^, D. Salvatore^*'''^^*''', F Salvatore"*'^, A. Salvucci"''^, A. Salzburger^*^, D. Sampsonidisi^'*, 

B. H. Samset"^, A. Sanchezio^a.ioib^ Sandaker'^ H.G. Sander**\ M.R Sanders''^ M. Sandhoff"'*, T. Sandoval^^, 

C. Sandoval R. Sandstroem'''', S. Sandvoss"'*, D.RC. Sankey^29^ ^ Sansoni'*^ C. Santamarina Rios^^ C. Santom3^ 

R. Santonico'^^^^i^^'', H. Santosi24a^ j.G. Saraivai24a,fo^ x. Sarangi'^^ E. Sarkisyan-Grinbaum^, F Sami22'%i22b^ q Sartisohni^'^, 

O. Sasaki*''', T. Sasaki*''', N. Sasao''^ I. Satsounkevitch'^'', G. Sauvage'^, E. Sauvan^, J.B. Sauvan^'^ R Savard'^**^^ 

V. Savinovi23, d.O. Savu^^, R Savva ^ L. Sawyer^^ D.H. Saxon^^ L.R Says^^ C. Sbarra^^'''^^'', A. Sbrizzi ''''''' i'^'', 

O. Scallon^^ D.A. Scamiicchioi*'^ J. Schaarschmidt'i^ R Schacht^^ U. Schafer^\ S. Schaepe^o, S. Schaetzel^^'', 

A.C. Schafferiis, d. Schaile^^ R.D. Schambergeri^s, A.G. Schamovi"'', V. Scharf5«^ V.A. Schegelskyi^i, D. Scheirich^'^, 

M. Schemau^'^^ M.I. Scherzer^^, C. Schiavi^^'^O'', J. Schieck^^ M. Schioppa^'^''^^'^'', S. Schlenker^'', J.L. Schlereth^, 

E. Schmidt'*^ K. Schmieden^", C. Schmitt^', S. Schmitt^^'', M. Schmitz^", A. Schoning^^'', M. Schott^'^, D. Schouten''*^, 
J. Schovancova^^^, M. Schram^^ C. Schroeder^\ N. Schroer^^^ S. Schuh^^, G. Schuler^'^, J. Schultes'^'*, 

H.-C. Schultz-Coulon^Sa, h. Schulz'^, J.w. Schumacher^", M. Schumacher^*, B.A. Schuimni^?, Ph. Schune"6, 

C. Schwanenberger^^, A. Schwartzman'"*', Ph. Schwemhng^*, R. Schwienhorst**, R. Schwierz'*^, J. Schwindhng'^^, 

T. Schwindt^", W.G. Scotti^^, j. Searcy"^^ e. Sedykh'^i, E. Segura'', S.C. Seidel'"^ A. Seiden"^, F. Seifert^^, J.M. Seixas^'^ 

G. Sekhniaidze^'^^a^ ^ Seliverstov'^i^ g Sellden''^''^ G. Sellers^^^ M. Seman^44b^ Semprini-Cesarii9'''i9'', C. Serfon''^ 

L. Serinii^ R. Seuster^^, H. Severiniiii, M.E. Sevior*^, A. Sfyrla2^ E. ShabaUna^'^, M. Shamim"'*, l.Y. Shan^^^ J.T. Shank^i, 
Q.T. Shao^'', M. Shapiro'^, RB. Shatalov'^^ L. Shaver'', K. Shaw^'^'^^'^''^^ D. Sherman^^^ R Sherwood", A. Shibata'"*^, 

H. Shichii'^i, S. Shimizu^^ M. Shimojima'"", T. Shin^'^, A. Shmeleva'^'*, M.J. Shochet^", D. Short' M.A. Shupe^ R Sicho^^^ 
A. Sidotii32a.i32b^ Siebel'^^^ Siegert^^ J. Siegrist''*, Dj. Sijacki'^^ Q. Silbert'^i, J. Silva'^^a,*-^ y. Silver'^^, 

D. Silverstein^'^^ S.B. Silverstein''*''^ V. Simak^^^, Q. Simard'^'', Lj. Simic'^a^ § Simion'^^, B. Simmons", 

R. Simoniello*^^'*^'', M. Simonyan^^ P Sinervo'^*, N.B. Sinev'^'*, V. Sipical'^^ G. Siragusa"^ A. Sircar^'^, A.N. Sisakyan''^ 

S.Yu. Sivoklokov^^, J. Sjolini^Sa.Meb Sjursen'^ L.A. Skinnarii'*, K. Skovpen'f'^, R Skubic"', N. Skvorodnev^^, 

M. Slater", T. Slavicek'", K. Sliwa'", T.J. Sloan^', J. Sloper^^, V. Smakhtin"\ S.Yu. Smirnov^*', L.N. Smirnova'^^, 

O. Smirnova™, B.C. Smith^"^, D. Smith^^^^ K.M. Smith^^ M. Smizanska''\ K. Smoleki", A.A. Snesarev^"^, S.W. Snow*^^ 

J. Snow^ii, J. Snuverink^''^, S. Snyder^^, M. Soares'^^^^ R. Sobiei'''^J, J. Sodomka'^?^ ^ Soffer'^^, C.A. Solans^'^^, 

M. Solar'", J. Sole'", E. Soldatov'^'^, U. Soldevila"^^, E. SolfaroH Camillocci'32a,i32b^ ^ ^ Solodkov'^s, Q.V. Solovyanov'^S, 

J. Sondericker24, N. Soni^, V. Sopko'", B. Sopko'", M. Sorbi^'^^ **'^'', M. Sosebee\ A. Soukharev'"^, S. Spagnolo"^ "'', 

F. Spano'^^ R. Spighi'^^ G. Spigo^^, F. Spilai32a>i32b^ ^ Spiriti'34a, r. Spiwoks^^, M. Spousta'^^, T. Spreitzer'^^, B. Spurlock^ 
R.D. St. Denis53, T. Stahli^i, j. Stahlman'^o, r. Stamen5*^ E. Stanecka^^ R.W. Stanek^, C. Stanescu'^^a^ § Stapnes'", 

E. A. Starchenko'28, J. Stark^^ R Staroba'^^, r Starovoitov*^', A. Staude'*^ R Stavina'^^a^ G. Stavropoulos'"*, G. Steele5^ 
P. Steinbach'*^ p Steinberg^^, I. Stekl'^^, b. Stelzer'''^, h.J. Stelzer^^ O. Stelzer-Chilton'^^^ H. Stenzel^^ Stevenson''^, 

G. A. Stewart^^, J.A. Stilhngs^°, T. Stockmanns^", M.C. Stockton^^, K. Stoerig"**, G. Stoicea^^", s. Stonjek''^ R Strachota'^^, 
A.R. Stradling'', A. Straessner''^ J. Strandberg''*^, S. Strandberg''*'"'■''"'^ A. StrandHe'", M. Strang'"'^ E. Strauss"'^ 

M. Strauss''', R Strizenec R. Strohmer'^^ D.M. Strom"'*, J.A. Strong^'''*, R. Stroynowski^'', J. Strube'^'^, B. Stugu'^ 

L Stumer^''-*, J. Stupak''*^ R Sturm'^'*, D.A. Soh'^'-'?, D. Su''*^ HS. Subramania^, A. Succurro", Y. Sugaya'"", 

T. Sugimoto'Oi, C. Suhr'^^ K. Suita^^ M. Suk'^*", V.V. Suhn^^^ S. Sultansoy^'', T. Sumida^^, X. Sun^^ J.E. Sundermaim^*, 

K. Suruhzi39, s. Sushkov", G. Susinno36a.36b^ m.R. Suttonl'^^ Y. Suzuki^^ Y. Suzuki^'', M. Svatos^^s, Yu.M. Sviridoyi^s, 

S. Swedish"'^ L Sykora"*"'', T. Sykora'^^, B. Szeless^^, J. Sanchez"'^ D. Ta"'^, K. Tackmann"', A. Taffard"^^ R. Tafirout'5^^ 

A. Taga"\ N. Taiblum'^^, Y. Takahashi"", H. Takai^^, R. Takashima''^ H. Takeda''^ T. Takeshita""^, M. Talby**^ 

A. Talyshev'"'', M.C. Tamsett^, J. Tanaka'^^, R. Tanaka"^, S. Tanaka"\ S. Tanaka^^, Y. Tanaka™, K. Tani''^, N. Tannoury*', 

G.R Tappern^'^, S. Tapprogge^', D. Tardif'5^ S. Tarem'^^^ p Tarrade^^ G.F Tartarelli^'*^ P Tas'^^, M. Tasevsky'^^ 

E. Tassi^''^'^'''', M. Tatarkhanov'^, C. Taylor", EE. Taylor'^^^ G.N. Taylor'^'', W. Taylor'^'^'', M. Teinturier"^, 

M. Teixeira Dias Castanheira^^, P. Teixeira-Dias^*, K.K. Temming'**, H. Ten Kate^^, PK. Teng'^^, S. Terada^^, K. Terashi'^^, 

J. Terron^'^, M. Terwort'" M. Testa"*^, R.J. Teuscher'^* J. Thadome'^'', J. Therhaag^", T. Theveneaux-Pelzer^^ 

M. Thioye^''^, S. Thoma''*, J.P Thomas", E.N. Thompson*'', PD. Thompson'"^, PD. Thompson^^*, A.S. Thompson'^, 

E. Thomson'^", M. Thomson", R.P Thun*^ F Tian^"*, T. Tic'^^, V.O. Tikhomirov**", YA. Tikhonov'"^, 

C.J.W.P. Timmermans'"'*, P. Tipton'^^, F.J. Tique Aires Viegas^^, S. Tisserant*^, J. Tobias''^*, B. Toczek^^, T. Todorov'', 

S. Todorova-Nova"'', B. Toggerson"'-', J. Tojo^*", S. Tokar""'^ K. Tokunaga''^, K. Tokushuku^'', K. ToUefson**, M. Tomoto'"', 

L. Tompkins'", K. Toms'^^ G. Tong^^^ A. Tonoyan'^, C. Topfel'^, N.D. Topilin'^^ L Torchiani^^, E. Torrence"'*, H. Torres''*, 

E. Torro Pastor"''^, J. Toth*^'"', F. Touchard*^, D.R. Tovey'^^, D. Traynor'^^, T. Trefzger'^^ L. Tremblet^^, A. Tricoli^^, 

LM. Trigger'5''^ S. Trincaz-Duvoid^*, T.N. Trinh^*, M.F Tripiana^"*, W. Trischuk'^*, A. Trivedi^"'^, B. Trocme^^, 

C. Troncon*^'', M. Trottier-McDonald"'^, A. Trzupek^*, C. Tsarouchas^^, J.C-L. Tseng"*, M. Tsiakiris'"^, PV. Tsiareshka^°, 

D. Tsionou", G. TsipoUtis^, V. Tsiskaridze''*, E.G. Tskhadadze^\ LL Tsukerman^^ V. Tsulaia'", J.-W. Tsung^o, S. Tsuno^^, 
D. Tsybychev"'*, A. Tua™, J.M. Tuggle^", M. Turala^*, D. Turecek'", L Turk Cakir3% E. Turlay"'^ R. Turra*'*^'*'*'', 

PM. Tuts^'', A. Tykhonov^^ M. Tylmad"'^''' ""''', M. Tyndel'^^, H. Tyrvainen^^ G. Tzanakos*, K. Uchida^", I. Ueda'^^ 
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